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ABSTRACT 
• 
-oxon1um 
, 
alunite [(H30)Al 3 (so4) 2 (0H) 6] solid-solution series was 
evaluated as a potential geothermometer. The potassium 
alunite - oxonium alunite geothermometer would have 0 
applications in the characterization of alunite deposits 
and in exploration for metalliferous ore deposits. 
One aspect of this study involved the synthesis of 
members of the potassium alunite - oxonium alunite solid-
solution series from acidic solutions in sealed silica-
tubes. Three variables were examined: composition of 
the initial solution, temperature, and length of the 
experiment. The compositions of the initial solutions 
ranged from o - 100% K-saturation relative to pure 
potassium alunite, with aluminum concentration held 
constant at 0.8 M. Temperature was varied between 100° 
and 275° c. Experiment duration ranged from 12 to 1560 
hours. 
Natural samples were collected from two localities: 
Marysvale, Utah and Lake City, Colorado. The alunite 
·aeposits in these localities cover a broad range of 
genetic types, including both hypogene vein and hypogene 
replacement deposits. 
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Both synthetic and natural samples were studied 
using x-ray diffractometry, thermogravimetric analysis 
and optical microscopy. X-ray diffractometry was used 
both to identify the phases present in each sample and to 
determine unit-cell parameters for the alunite. All the 
samples in this study were found to consist of two 
phases: the synthetic samples of alunite and alunogen 
(unreacted reagent); the natural samples of alunite and 
quartz. Unit-cell refinement of synthetic samples 
.,, 
suggests that a wide range of compositions was made, 
ranging from nearly pure oxonium alunite (c0 = 17.11 A) 
to nearly pure potassium alunite (c0 = 17.31 A). Unit-
_,. 
cell refinement of natural samples indicated that the 
' 
alunite was highly potassic, except for the Lake City 
vein alunites (c0 = 17.23 A). 
Thermog(avimetric analysis was done to further 
clarify the/ resu~ts of x-ray diffractometry. • Oxonium-
I 
rich samples s w weight loss between 110°-325° c. All 
~-· 
,"' 
.,. 
the .. ,s:i-,,tfthetic samples of this study have some weight loss 
in this temp rature range. Natural samples, including 
the Lake city vein alunite, were found to have no 
significant weight-loss between 110° and 325° c. 
r· Optical microscopy did not provide any additional 
data on either natural or synthetic samples. The fine-
grained nature of the samples and the presence of non-
alunite phases in the samples with optical properties 
-2-
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close to those of potassium alunite rendered optical 
microscopy difficult and unreliable. 
This study has shown that the potassium alunite -
oxonium alunite solid-solution series is much more 
complicated than originally thought. The composition of 
the alunite solid product from synthesis experiments is a 
function of both initial solution composition and 
temperature. Temperature, however, is the most important 
variable. This study also has shown that oxonium alunite 
• 
is a metastable phase. If potassium ions are available 
in solution, oxonium will gradually be replaced by 
potassium in the alunite structure. This result, and the 
lack of oxonium in the natural samples from Marysvale, 
Utah and Lake City, Colorado suggest that the oxonium 
alunite - potassium alunite geothermometer has only 
limited geological application. 
J 
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INTRODUCTION 
The mineral alunite [KA13 (so4) 2 (0H) 6] is the type 
member of an isostructural group of minerals having the 
general formula AB3 (so4~2 (0H) 6 in which A may be K+, Na+, 
Pb+, NH4+, or Ag+ and B may be either A1
3+ or Fe3+. The 
alunite group is related to the jarosite 
- . 
solution series (Brophy et al., 1962). Because of this 
close relationship, the two groups are often considered 
collectively, being referred to as the alunite-jarosite 
group or, as in the older literature, as the alunite 
group itself. A compilation of the accepted members of 
the alunite-jarosite group is given in table 1. The 
alunite-jarosite group has a hexagonal unit cell with • 
the c 0 greater than a 0 • The crystal symmetry w
as 
dete~mined to be R3m by Hendricks (1937). This was 
subsequently refined and confi~med to be R3m by Wang et 
al. (1965) and Menchetti and Sabelli {1976) (Figure 1). 
The alunite-jarosite group is related, both 
structurally and chemically, to several other mineral 
groups. This is emphasized in the recent (1987) 
reclassification by Scott (Table 2). All the minerals in 
this grouping share the same general formula (i.e. 
/ 
AB3 (X04) 2 (0H) 6). The classification is based on the 
-4-
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Table 1 
I (; 
" 
I ) 
ACCEPTED MEMBERS OF THE ALUNITE GROUP 
(from Fleischer, 1987) 
(Potassium) Alunite 
Natroalunite 
' 1 't * Ammonioa uni e 
· Jarosite 
Natrojarosite 
Argentojarosite 
Ammoniojarosite 
Plumbojarosite 
Hydronium Jarosite 
Beaverite 
. . . t ** M1nam11 e 
. . t *** Osar1zawa1 e 
*Approved by IMA in 1987 
** i0ssaka et al., 1982) 
** (Jambor and Dutrizac, 
" ' ,, 
... 
KA1 3 (S04 ) 2 (0H)6 
NaA1 3 (S04 ) 2 (0H)6 
NH4Al 3 (S04 ) 2 (0H) 6 
KFe3 (so4 ) 2 (0H) 6 
NaFe3 (S04 ) 2 (0H) 6 
AgFe3 (so4 ) 2 (0H) 6 
NH4Fe3 (so4 ) 2 (0H) 6 
Pb(Cu,Fe,Al) 2 (so4 ) 2 (0H) 6 
(H30)Fe3 (S04 ) 2 (0H) 6 
PbFe 6 (S04 ) 4 (0H)12 
(Nao.J6 1 Ko.1p,Cao.21,Do.27) 
Al 3 (S04 ) 2 (0H) 6 
(S.P. Altaner, personal comm.) 
1983) 
-5-
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Figure 1 
Idealized Crystal Structure of the Alunite-Jarosite Group. 
A+ site dashed., oH- stippled, o-2 unshaed, :s+3 site· small 
stippled circles, s+2 small shaded circles. 
(fran Brophy et al., 1962) 
. .. 
/ 
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B site 
Alunite aupergroup Jarostte supergroup 
A site (XO,) site (mol) (Al> Fe) 
(Fe> Al) 
A• (XO.)'- :i 0.5 Alunlte group Jarostt
e group 
Alunite Jarosite 
Natroalunite Natrojarosite 
Schlossmacherite Hydronium jarosite 
Minamiite Ammoniojarosite 
Osarizawalte Argantojarostte 
Plumbojarosite 
Beavertte 
A'• o.s < cxo.r- < 1.s Hinsdalite group Beudantit
e group 
ffinsddte Beaudantite 
Hidalgoite Condie 
Weilertte 
Kenmitzlt8 
Svanbergtte 
Woodhoc a&elte 
A'• (XO ,JI- ;i: 1.5 P&umbogummlte group L
usungtte group 
Plumbogummlte Lusoogite 
Goyaztte Dussertite 
Gorceixtte Zairite 
CranclalUte 
Phillpsbomlte 
A,. (X0.)1- ~ 1.5 Florenclte_group 
Florenctte 
?Waylandite 
?Eye&ettersite 
Table 2 
Reclasstf lea ti on of the Alunlte Group and As
sociated 
Minerals According to Scott (1987). 
-7-
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charge of the dominant cation in the A site and on the 
dominant cation in the B site. The content of the latter ,._ 
site is used by Scott (1987) to divide the related 
minerals into alunite and jarosite "supergroups'', 
aluminum and iron dominating the site respectively. 
Solid-solution series between the various end-member 
minerals in table 2 are known in many cases. Notably, a 
solid solution series between potassium alunite and 
occur in nature and 
crandallite [CaA1 3 (P04) 2 (0H) 6 ·H20] are thought to be 
isostructural with the alunite group (Wise, 1975). 
Within the alunite-jarosite group itself, end-member 
compositions are more the exception than the rule, as 
will be discussed in detail below. 
HISTORY OF ALUNITE UTILIZATION 
The alunite group is of great importance in the 
study of and exploration for ore deposits. It is 
frequently part of the mineral assemblage in or 
surrounding epithermal ore deposits. When not found in 
association with ore, it is often present in large 
masses, usually of potassium alunite itself. 
Alunite, the potassium end-member of the alunite 
group, has a long and variable history as an resource. 
\ 
It has been mined intermittently as a source of potash in 
-8-
(.·-· 
.• 
Italy since the 15th century and as a source of alum in 
China since the 17th century (Hall, 1978). In the United 
states, potassium alunite was mined as a source of potash 
~ 
for fertilizer during World War I and considered as a 
potential source of alumi·num during World War II. With 
the exception of these international crisis, however, 
-
-
alunite has not been mined economically in any capitalist 
country in the last four decades. The Soviet Union is 
the only country known to have an operating plant which 
extracts alumina and potassium sulphate from alunite, and 
the economic viability of this process in a free market 
is doubtful. There has been some sporadic interest in 
and experimentation on several large alunite deposits in· 
the western United States in the last decade (Hofstra, 
1984). However, as of the current date (1987), a 
commercial scale plant has not been built to develop any 
of these deposits. 
NATURAL OCCURRENCES OF THE ALUNITE GROUP 
Despite a multitude of studies on the minerals of 
the alunite group and their deposits since the beginning 
of the 20th century, no all-encompassing classification 
of alunite deposits has been proposed. A composite 
genetic classification, based on a survey of the 
available literature, is given in Table 3. For the 
purposes of this paper, the nodular deposit type will 
-9-
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Type 
VE:IN 
• 
Table 3 
COMPOSITE GENETIC CLASSIFICATION OF ALUNITE DEPOSITS 
Based partly on Kaskai (1961, 1970) 
Origin 
Precipitation in veins from 
upwardly-flowing water 
Examples 
Alunite Ridge, 
Utah 
' 
Supergene Precipitation in veins from 
downwardly-flowing water 
Goldfield, Nevada 
et 
Reference 
Cunningham, 
al., 1984 
Jensen, et 
al., 1971 
--------------------------------..,,-----~--------.-------~------------------.---------------~--. 
METASOMATIC 
REPLACEMENT 
Supergene 
Replacement of silicates by 
reaction b7 upwardly-flowing, 
S04 -rich water 
Replacement of ailicatea b7 
reaction by downwardl7-flowing, 
SO.r,. -rich water 
llar7avale, Utah 
NG Alunite Area, 
Utah 
Tolfa Di•trict, 
:It;al7 
Cunningham, 
et al., 1ge4 
Hofstra, 
1Q84 
Field and 
Lombardi, 19'72 
~::::::-----~-------:::~:::::::-=~-~;:~:-::~-::::::~:::---~::::-::~~-------::::::~--
(SEDIMENTARY) b7 intense acid sulphation Miasouri et al., 1987 
North-central Rosa 
Texas et al., 1988 
--------------._-----------------------------------------------
-----------~-----_..---~---------
PRECIPITATE Dirict precipitation from super-
saturated solutions at the surface 
Kunashir 
Island, 
USSR 
Zotov, 1987 
-----------------------------------
-~-------------------------------------------------------
r 
I 
• 
j 
I 
I 
. 
. 
r 
. 
I 
not be considered because it is rare and of questionable 
origin. The remaining types of deposits will be 
considered in three general categories, viz., (1) • vein 
deposits (hypogene and supergene) and (2) metasomatic 
replacement deposits (hypogene and supergene). 
Vein deposits of potassium alunite are rare but play 
an important role in mineral exploration. The classic 
locality for vein deposits is, without doubt, Alunite 
Ridge near Marysvale, Utah where veins of pure, coarse-
grained alunite up to 20 min width have been found 
(Cunningham et al., 198.4). These deposits are thought to 
have been deposited from potassium- and sulfur-rich 
waters flowing through open fissures. The source of the 
sulfur, potassium and aluminum may be an underlying 
igneous body or the alteration of underlying volcanic 
rocks (i.e. hypogene type deposit) (Beaty et al., 1987). 
Another example of an alunite vein deposit is the alunite 
veins found near Goldfield, Nevada (Jensen et al., 1971). 
Sulphur isotope data suggest that the source of·the 
sulfur in these deposits was the oxidation of pre-
existing sulphides (i.e. supergene-type deposit). 
. . 
' 
Alunite vein deposits have been a subject of general 
interest because of their association with sulphide and 
native-element deposits, notably native gold at 
Goldfield, Nevada, and Zn, Pb, Cu, Ag, and Au at 
Marysvale, Utah (Beaty et al., 1987). 
-11-
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Metasomatic replacement deposits are more numerous 
• 
and larger in size than the vein deposits. Deposits up 
to 3 km in diameter have been reported (Cunningham et 
al., 1984). In general, these deposits develop by the 
replacement of pre-existing potassium- and aluminum-
bearing silicates by sulphates. A typical reaction of 
this type is the conversion of K-feldspar to potassium 
alunite, i.e. 
+ 9Si02 
et al., 
1969). 
Deposits of this type generally consist of an alunite 
group mineral, which usually approximates the potassium 
alunite end-member and silica. Kaolinite, sericite, 
gypsum, anhydrite, brucite and illite may also be part 
( 
of the assemblage (Cunningham and Hall, 1976). 
In form, metasomatic replacement deposits of the 
,,,. 
alunite group minerals tend to be sharply bounded, 
roughly equidimensional masses. In at least some cases 
hypogene metasomatic deposits show vertical zonation, 
potassium alunite being overlain by jarosite, iron oxide, 
·' 
and silica layers {Cunningham et al., 1984). 
Metasomatic alunite deposits are generally thought 
to have formed around veins which serve as conduits £or 
fluid flow. Examples of alunite deposits forming one of 
several mineralogical zones aound such conduits have been 
-12-
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found I modern and recent hot 
~g environmen·ts 1n 
(Henl.ey, 1985) . Metasomatic deposits of alunite may 
in one of the outer zones of alteration aound porphry 
copper d~posits (Titley and Beane, 1981). The 
distinction between the two subtypes of metasomatic 
I 
form 
deposits, the hypogene and supergene deposits, lies in 
the direction of fluid flow in the conduit. Supergene 
metasomatic deposits are the result of downward fluid 
flow, the water carrying sulphate derived from the 
oxidation of sulphides near the surface. Hypogene 
deposits result from the upward flow of water carrying 
sulphate derived either from emulations of a magmatic 
body or from the destruction of sulphides or sulphates in 
underlying formations. The two subtypes are 
superficially alike in terms of field and mineralogical 
characteristics. They are differentiated, often with 
difficulty and uncertainty, by means of oxygen arid 
sulphur isotopes (Cunningham et al., 1984; Jensen et al., 
1971) • 
The metasomatic alunite deposits have attracted more 
attention and study than the vein deposits. This is at 
least in part because of their larger size, which makes 
them-superior candidates for large-scale modern mining 
methods. In addition, given their large size relative to 
the conduit systems which produce them, the metasomatic 
·· al unite deposits can, ... serve as an aid in prospecting for 
-13-
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relatively small metallic vein deposits, especially of 
the precious metals (Henley, 1985). 
ALUNITE-BASED GEOTHERMOMETRY 
As noted above, it is nearly impossible to 
distinguish supergene from hypogene alunite deposits 
with confidence based on field relations or mineralogy. 
However, recognition of this fundamental genetic aspect 
of each deposit and thus the conditions under which the 
deposit was formed is vital in terms of prospecting for 
metallic deposits. Sulphur and oxygen isotope studies 
• have been used to resolve the genetic subtype of·a number 
of alunite group deposits. 
Sulphur isotopes have been used for more than twenty 
years as a tool to recognize alunite-deposit subtypes 
(Field, 1966). The method is based on the temperature 
dependent fractionation of s34 between co-existing 
sulphates and sulphides (Sakai, 1957). In application, 
the method.consists of measuring the ratio of s 34 to s 32 
in both alunite and associated sulphides, and reducing 
this to a simple comparison index (del s34 ) by comparing 
the absolute data to an accepted standard and then 
comparing the values of the sulphate phase to those of 
the sulphide phase. High amounts (positive del values) 
\ of s34 in the sulphate phase relative to the sulphide 
. I 
\ 
' I 
, I 
~ 
·\ 
\ 
\ 
phase indicate a high temperature of mineral formation. 
-14-
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Likewise, low degrees of fractionation between the two 
sulphur-bearing phases indicate low temperatures of 
e 
mineral fromation. If the simplistic generalization of 
high temperature equaling hypogene mineralization and low 
temperature i~dicating supergene mineralization is 
accepted, then it would seem easy to use sulphur isotopes 
as a classification tool. This method has been applied 
to a number of alunite group deposits, including alunite 
deposits in the Tolfa district, Italy (Field and 
Lombardi, 1972), assorted alunite group deposits in 
Central Italy (Cortecci, et al., 1981), alunite- group 
· depos~ts in New Mexico and Arizoni (Field, 1966) and 
alunite deposits near Goldfield, Nevada (Jensen, et al., 
1971). 
While holding great promise, the sulphur isotope 
"geothermometer'' has been found through experience to be 
subject to much difficulty in interpretation. This is 
because, aside from being dependent on temperature, the 
sulphur isotopic composition of both sulphides and 
sulphates is dependent on the degree of equilibrium 
achieved between the sulphides and sulphates in the 
system and on the initial source of the sulphur itself. 
Extensive work on alunite deposits near Marysvale, Utah 
(Cunningham et al., 1984) indicates that the isotopic 
composition of both sulphates and sulphides may be more 
dependent on the sulphur source than on the te~perature 
.• 
l 
'\ 
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at the time of formation. While not invalidating the 
I 
I 
sulphur isotope geothermome er, this does suggest that 
• 
its application requires mu h more data than was 
I 
' . 
originally thought and that, even with these data, 
temperature estimates are unreliable. 
In recent years, a new alunite-based geothermometer 
has been developed. This involves the use of oxygen 
isotope fractionation between sulphate and hydroxyl in 
alunite (Pickthorn and O'Neil, 1985). This new method, 
which would potentially allow alunite to be used as a 
single-mineral geothermometer, holds great promise. At 
the time of this writing, however, it is still in the 
development stage. 
SYNTHESIS-BASED STUDIES OF THE ALUNITE GROUP 
The alunite group has a long history of laboratory 
synthesis-based study. This is largely because of the 
relative ease with which alunite-group minerals can be 
synthesized and partly because of the persistant interest 
shown in this mineral gro~p because of its utility in 
mineral exploration. Th~ earliest studies were initiated 
in the 1930's (i.e. Fairchild, 1933). In the past two 
decades, however, studies of alunite synthesis have been 
made with increasing frequency. 
There are two basic appro~ches to alunite group 
synthesis: (1) synthesis by reaction of sulfuric acid , 
-16-
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with minerals and (2) synthesis from aqueous solution. 
The' former method has been successful but is of limited 
utility because of the uncertainty factor introduced by 
the uncontrolled composition of the starting materials 
(Holler, 1967). Synthesis from solution, however, has 
proved to be highly successful and has become the common 
method for synthesis studies in the alunite group. 
The synthesis-from-solution method has been used to 
investigate the.relationships between a number of the 
end-members of the alunite group. Notably, such studies 
have documented a solid solution series between potassium 
,, 
alunite [KA13 (so4) 2 (0H) 6] and jarosite [KFe3 (so4 ) 2 (0H) 6 ] 
(Brophy, et al., 1962) and between jarosite and 
natrojarosite [NaFe3 (so4) 2 (0H) 6 ] (Brophy and Sheridan, 
1965). A solid-solution series between potassium alunite 
and ammonioalunite and between natroalunite and 
ammonioalunite has been hinted at, but not fully 
documented (Altaner, et al., in prep.). These 
investigations demonstrate that, given the structural 
formula of the alunite group AB2 (S04) 2 (0H) 6 , the 12-
coordinated A site and the octahedrally coordinated·B 
site are extremely flexible in terms of the occupying 
ions. T~us, the B trivalent site can contain either Al+3 
or Fe+3 or any proportion of the two. The A univalent 
site can hold a wide range of ions (i.e. K+l, Na+1 , 
NH4+1) or a mixture of two or more ions. There does, 
-17-
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however, seem to be a definite preference for K+l in the 
A site (Brophy and Sheridan, 1965, Zotov, 1971). There 
also seems to be a variation of the Fe+3 to Al+J ratio in 
the B site as a function of the conditions of formation, 
though the exact relationship is uncertain (Brophy et 
al., 1962). Thermochemical calculations suggest that this 
relationship is pH dependent (Hlakdy and Slansky, 1981). 
In any case, synthesis studies have shown that.the 
alunite structure is highly versatile in terms of 
.. 
accomodating a wide variety of ions. 
One problem_ has, however, plagued alunite group 
synthesis studies since the initiation of such studies. 
This is the problem of "excess water''. Chemical analyses 
of the solid products of solution synthesis experiments 
have, almost without exception, indicated a deficiency in 
univalent ions and an excess in the structural ''water" as 
compared to the theoretical amounts. This "water" is 
unlikely to be simply adsorbed water in~smuch as heating 
to 120° C does not remove the excess. It has been 
proposed that the "excess water'' actually consists of 
hydronium or oxonium* (H3o+) which could substitute into 
the univalent A site in the alunite structure and 
11 
I 
maintain the charge balance (Parker, 1962). Infrared 
*Oxonium and hydronium are equivalent terms. Oxonium is 
used in this text exclusively becuase this is the 
preferred term of the International Union of Pure and 
Applied Chemistry. 
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absorption spectroscopy seems to confizm the presence 
of 
H3o+ in synthetic potassium alun
ites and jarosites 
(Kubisz, 1972; Fielding, 1980). Recently, Ripmeester et 
al. (1986) used nuclear magnetic resonance spectroscopy 
on synthetic potassium alunites in prder to more fully
 
confirm the presence of oxonium. Their results stron
gly 
suggest that oxonium is, in fact, present in syntheti
c 
minerals of the alunite group. 
The question then arises,. if oxonium can substitute 
into the A site of the alunite lattice, whether it is
 
possible to synthesize oxonium alunite and oxonium 
· jarosite end-members and also the full solid-solution 
• 
.. .. . .. -
-·----· ----·
- .. ___ ·----
---· 
' \ 
between these end-members and potassium alunite and 
potassium jarosite? The hypothetical jarosite - oxonium 
jarosite solid-solution was investigated fairly early, 
the entire series being synthesized with relative ease
 
(Brophy and Sheridan, 1965; Kubisz, 1970). The potassium 
alunite - oxonium alunite solid-solution series was 
synthesized and characterized by Fielding {1980)., 
Fielding's work also suggested a relationship between 
the 
temperature of synthesis and the percent oxonium in th
e A 
site of the alunite lattice. This discovery seems to f
orm 
the basis for a potential geothermometer to confirm, 
or 
even replace, the current sulphate-sulphide sulphur 
isotope geothermometer. 
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PHYSICAL PROPERTIES OF THE POTASSIUM ALUNITE-OXONIUM 
ALUNITE SOLID SOLUTION SERIES 
Inasmuch as the solid-solution series between 
potassium alunite and oxonium alunite can be synthesized, 
of necessity there must be continuity between the 
physical properties of the two end-members. This has 
been ·,demonstrated by Fielding (1980) and Fielding and 
Sclar (1980). The following discussion will summarize 
the results of this study. 
First, Fielding (1980) found that both potassium 
alunite and oxonium alunite and all compositions between 
them·possess the same general crystal habit as shown by 
SEM observations. 
Second, the X-ray powder diffraction patterns of 
potassium alunite and oxonium alunite are exactly alike. 
They differ only in changes in the relative intensity of 
certain peaks and in a slight shift of all the oxonium 
alunite peaks towards higher two-theta angles (smaller d-
values). The latter property is the result of changes in 
lattice parameters between the two end-memb~rs. Fielding 
found that the c 0 of oxonium alunite is approximately 
17.1 A as opposed to 17.3 A for potassium alunite. The 
a 0 parameter, though also different for the two end-
members, varies much less than c 0 • As a result, other 
lattice- dependent properties of.any member of the solid-
solution series, notably ·the cell volume and the ratio 
-20-
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c 0 /a0 are dependent principally on c 0 • A summary
 of 
Fielding's (1980) conclusions on the lattice parameters 
of the potassium alunite - oxonium alunite solid-solution 
series is given in figure 2. 
Both potassium alunite and oxonium alunite are 
uniaxial positive. Fielding· (1980) described a general 
trend of increasing refractive indices as a function of 
increasing oxonium in the alunite structure (figure 3). 
There is, however, much scatter"in the data which 
prevents the derivation of a linear relationsh~p·. 
The oxonium alunite solid-solution series has also 
~ ~been _examined by thermogravimetric analysis. This • 
consists of measuring the weight loss in percent as the 
sample is heated in increments. Two major weight-loss 
intervals occur in potassium alunite, notably from 350° 
to 500° and from soo0 to approximately 900°. The first 
weight loss has been ascribed to the loss of hydroxyl 
groups from the alunite structure (Kashkai et al., 1969). 
The second weight loss has been ascribed to the loss of 
residual hydroxyl and sulphate ions. <>xonium alunite, 
and intermediate members containing oxonium (Fielding, , 
1980) show a weight loss between 110° and 325° in 
addition to the two major weight losses found in 
potassium alunite. This additional loss is ascribed to 
the loss of oxonium ions from the alunite structure. In 
general, the great~r the amount of oxonium in the 
-21-
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Figure 2 
summary of the variation of Urilt-cell Parameters in the 
Potassium Atunite - oxonium Atunite Solid-solution series. 
(from Fielding, 1980) 
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structure, the less distinct and discrete the three 
weight-lo~s intervals are. This may be seen by comparing 
the weight loss curves of two samples of the oxonium 
alunite solid-solution series, one very rich in oxonium 
and the other less so (figure 4) • 
• 
. ' 
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Thermogravimetric Curves for an Oxonium-rich Atunite and 
a Potassium-rich Aluntte (from Fielding, 1980). 
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PURPOSE 
This study had three objectives. The first 
objective was to synthesize a series of single-phase 
alunite samples covering the range from pure potassium 
alunite to pure oxonium alunite. This objective was 
intended to verify the work of Fielding (1980). The 
second objective was to evaluate the potassium alunite -
oxonium alunite sol.id-solution series as a potential 
geothermometer by means of solution synthesis experime·nts 
; 
·-· conducted under controlled conditi-ons. The third 
objective was to explore the application of the alunite 
geothermometer in nature, using natural samples from 
previously described alunite deposits. The sum total of 
the three objectives would provide an evaluation of the 
potassium alunite-oxonium alunite solid-solution series 
as a potential tool in the exploration for epithermal, 
metalliferous mineral deposits • 
I 
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METHOD§ 
The methodology of this study can be divided into 
three discrete but related parts. The first part 
concerns the synthesis of the potassium alunite - oxonium 
alunite solid-solution series in the laboratory. The 
second part involves the collection of natural specimens 
of alunite-group minerals. The third part consists of 
analysis and characterization of synth~tic and natural 
samples of the first.two parts, respectively. 
PHASE 1: EXPERIMENTAL SYNTHESIS 
There are a variety of techniques by which alunite 
group minerals can be synthesized from solutions. In 
this study, the technique used was similar to that used 
in a number of the most recent studies, notably that of 
/ 
Fielding (1980) and Altaner et al. (in prep.). Potassium 
) 
sulphate [K2so4 : Merck #7342] and aluminum sulph~te 
[(Al2 (so4 ) 3 ·1sH2o: Mallinckrodt #3208], both solids, were 
used as reagents. For nearly all the experiments 
comprising this study a mass of aluminum sulphate was 
dissolved in distilled water to reach an aluminum ion 
concentration of 0.8 M. Potassium sulphate was also 
dissolved in the solution, to reach concentrations 
ranging from o.oo to 0.27 M, depending on the individual 
experiment. The solution was then sealed in a silica-
-27-
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glass tube using an oxygen torch. At least 3 cm of air 
space was left between the meniscus of the solution in 
the tube and the seal-off point of the tube. The 
majority of the tubes used in this study were large (1 
cm inner diameter) relative to tubes used in other 
studies. Experiments run at greater than 200° c were 
sealed in smaller tubes (3 nun inner diameter), however, 
to lessen the risk of catastrophic tube wall failure. To 
·-· 
further reduce this danger, the smaller tubes were placed 
in unsealed hydrothermal bombs, which supported the walls 
of the tubes during the heating cycle. A listing of all 
the successful experimental runs is given in Table 4. 
To meet the objectives of this study, three distinct 
groups of silica-glass tube experiments were conducted. 
The first group was designed to evaluate the effect of 
varying the initial composition of the solution on the 
resulting alunite product. This was done by maintaining 
the aluminum content of the initial solution at 0.8 M, 
and varying the potassium content in the initial solution 
in increments. A convenient measure of potassium content 
is the percent alunite scale, which compares the ratio of 
potassium to aluminum in the initial solution relative to 
that in the pure potassium alunite end-member. In 
potassium alunite, the potassium to aluminum atomic ratio 
is 1:3. Therefore, holding aluminum constant at 0.8 Min 
the solution, a concentration of 0.27 Mis referred to as 
-28-
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a 100% potassium alunite solution. In this part of
 the 
study, 00%, 5%, 20%, 40%, 60% and 100% solutions i
n 
silica-glass tubes were placed in ovens preheated 
to 150° 
C for 48 to 72 hours. 
As an adjunct to this part of the experimentation, 
" 
the effect of varying the aluminum content in sol
ution 
was also investigated. Holdi11g the potassium 
concentration constant at 0.16 M, the aluminum 
concentration was varied between 0.16 Mand 0.96 M
in 
increments. These solutions, sealed in silica-gla
ss 
tubes, were heated at 125° c for 72 hours. 
''* 
The second part of the synthesis study considered 
the effect of varying temperature. For this purp
ose, 
solutions with 20%, 40%, 60%, and 100% potassium a
lunite 
compositions were sealed in silica-glass tubes and
 heated 
at 100°, 125°, 150°, 175°, 200°, 250°, and 275° c
 for 12 
to 72 hours. Only the experiments at 275° and 250°
 were 
. ,;-
heated for less than 24 hours. These higher temp
erature 
experiments were also the only runs conducted usin
g the 
outer hydrothermal bomb support. 
The final part ot the synthesis study considered t
he 
effect of time on the end-product composition. S
olutions 
with compositions of 40% and 60% potasssium alunit
e were 
sealed in silica-glass tubes and heated at 125° c. 
At 
the end of 12, 24, 48, 7.2, 144, 360, 720, 1200, an
d 1560 
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hours one tube of each solution was remoied from the · 
furnace. 
The procedure for the experimental products after 
removal from the furnace was essentially the same for all 
the experiments. Each silica-glass tube was quenched in 
cold water immediately after being removed from the 
furnace. Each tube was then broken and the contained 
solution filtered to save any suspended solids. In 
virtually all the experiments, the solid product formed a 
druse on the inner walls of the silica-glass tube. The 
broken tubes were heated at 110° c· for at least three 
hours to remo·ve adsorbed water from the solid product. 
The solid product was then scraped off the inner walls of 
the tube. The solid product was not washed after removal 
from the tube. 
While the experiments did not involve the use of any 
hazardous reagents, serious and potentially dangerous 
~xperimental failures did occur. The walls of the 
silica-glass tubes failed on occasion, especially at the 
higher temperatures, thus resulting in impressive 
explosions and showers of hot silica-glass shrapnel. 
Approximately one out of every five silica-glass tubes 
failed, the vast majority being lost in explosions either 
I 
··- ,, ' .. 
in the furnaces or during quenching. 
PHASE 2: FIELD COLLECTION 
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Figure 5 
Index Map of Field Locality: Marysvale, Utah 
Shaded areas are regions of extensive alunitization. 
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To test the utility of the potential oxonium 
alunite-potassium alunite geotheimometer it was neces
sary 
to obtain samples of natural potassium alunite. There
 
were three general criteria for the choice of potenti
al 
field collection sites. First, the proposed site had 
to 
have been previously located and, preferably, studied 
in 
some detail by earlier investigators. Second the chos
en 
site had to be as pristine as possible (i.e. relatively 
free of weathering or human influence). Finally, the 
site had to be accessible, if not with ease, at least 
without use of elaborate transport. Two sites were 
ultimately chosen: Marysvale, Utah and Lake City, 
Colorado. 
In addition to meeting all the selection criteria, 
the Marysvale site has the additional advantage of 
including two distinct types of alunite deposits. 
Immediately north of the town of Marysvale itself ther
e 
is a broken ring of large metasomatic replacement alun
ite 
deposits, :; many of which have been previously mined 
extensively by surface methods (Figure 5). Samples were 
taken from two of these mines, viz., the White Horse Mi
ne 
and the Yellow Jacket Mine. The second type of depos
it 
sampled consisted of a vein deposit located southwest 
of 
the town of Marysvale on, suitably enough, Alunite Rid
ge. 
These deposits are probably the most spectacular 
occurrences of the alunite group known, consisting of
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veins of unaltered alunite minerals 20 m wide (Cunningham 
et al., 1984). Only two routes lead into these deposits. 
At the time of the author's sampling one route was. closed 
by raging ice-cold streams; the other was blocked by 
persistant deep snowdrifts. A sample of this material 
was obtained, however, through the courtesy of Dr. c. G. 
Cunningham of the U.S. Geological Survey, Reston, 
• • Virgina. 
The second site, Lake City, Colorado, is not nearly 
as ''classic'' as the deposits near Marysvale. Relatively 
~ 
little is presently known about the deposit. With the 
assistance of Mr. Dana Bova of the U.S. Geological 
survey, Denver, Colorado, the author was allowed to 
examine and sample three complete cores from holes 
,1 
drilled by Earth Sciences, Inc., headquartered in 
Boulder, Colorado. These cores contained abundant 
alunite mineralization. 
PHASE 3: ANALYTICAL PROCEDURES 
Four procedures were used to characterize the 
synthesized samples and those ·collected at the field 
C 
sites. First, all samples were examined by x-ray powder 
diffractometry. Second, most samples were examined using 
optical microscopy. Third, all samples were 
characterized by thermogravimetric analysis. Finally, 
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two synthetic samples and one deuterated synthetic sample 
were examined using infrared absorption spectroscopy. 
X-ray powder diffractometry was used to determine 
the phases present in each sample and to find precise 
lattice parameters of the alunite present. Allx-ray 
diffractometry was done using a Philips APO 3600 
automated x-ray powder diffractometer. Sample 
preparation consisted of reducing approximately 0.1 g of 
sample to a powder, which was then spread on a 1 cm by 1 
cm glass slide. A small amount of acetone was used as an 
adfixing agent which prevented the sample from being lost 
either in transport or during -the-diffractometic process. 
The slide with the powder was then placed in a holder and 
inserted into the x-ray sample chamber. Data were 
collected for each sample over a two-theta range 15° to 
55°, at 1 degree per minute. This relatively fast scan 
rate was justified by the large amount of sample used, as 
compared to previous studies (i.e. Fielding, 1980). All 
data collection was completely automated. The 
calibration of the instrument was checked periodically by 
comparing analyses of a silicon powder standard (Alfa 
Products, No. 00826, -325 mesh) verses the known pattern 
(JCPDS file no. 5-565), in particular the (111) 
reflection at 3.138 A (28.42° two-theta) and the (220) 
reflection at 1.920 A (47.30° two~theta). In no case was 
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the instrument found to have deviated significantly from 
, 
calibration. 
' . 
All the resulting powder patterns were indexed in 
accordance with the data of Menchetti and Sabelli (1976). 
The indexed peaks were then used to calculate a set of 
lattice parameters using the indexing and least-squares 
refinement computer program of Appleman and Evans (1973). 
This program finds the "best-fit" between the observed 
~iffraction data and a calculated pattern by 
reiteratively revising a set of lattice parameters, 
calculating a new pattern, comparing this pattern against 
the observed pattern and then revising the parameters 
again until the two patterns agree within user-specified 
statistical criteria. An initial approximation of the 
lattice parameters was found by multiplying the d-value 
of the (006) reflection by six for the c axis and the 
(220) reflection by four for the a axis. 
Refractive indices were measured to supplement the 
characterization of the samples by X-ray diffraction. 
The omega and epsilon refractive indices were measured 
for each sample by comparison with a set of immersion 
liquids of known refractive index using a petrographic 
microscope fitted with a sodium vapor lamp. By this 
method, it is possible to accurately measure refractive 
indices to +0.001. 
... ... 
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Thermogravimetric analyses were conducted to measure 
the amount of water contained in the lattice of the 
samples of the alunite series and to gain some 
understanding of its position in the lattice. The 
analysis was conducted by heating between 0.1 and 0.6 
grams of sample in small, previously weighed aluminum 
boats. Each sample was heated between 100° to 520° in
 
40° steps. Before each step the sample was weighed. 
Each temperature step lasted at least three hours. 
Two samples, one oxonium-rich and one potassium-
rich, and one sample of deuterated alunite synthesized
 
from o2o solution were analyzed using 
infrared absorption 
spectroscopy to further clarify the nature of the hydr
ous 
species in the alunite structure. All three samples 
were 
prepared using the KBr pellet technique. Approximate
ly 
1.0 - 2.0 % by weight of each sample of synthetic alun
ite 
was added to dried (200° C, 72 hours) spectroscopic-grade 
KBr. Approximately 75 - 100 mg of the mixture of each
 
sample was immediately pressed into a pellet using a h
and 
pellet press. The pellets were then stored in a 
dessicator. Each pellet was analysed on a Perkin-Elm
er 
283 dual-beam dual-grating infrared absorption 
spectrophotometer. Data was collected from 4000 to 20
0 
cm-1 at a rate of 5.2 cm-1/sec with air in the referenc
e 
beam path. After analysis, one pellet of oxonium-rich
 
alunite was heated in a box furnace at 350° C for 24 
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hours. The pellet was cooled in a dessicator and then 
immediately re-analysed by infrared absorption 
spectroscopy. The purpose of this heating experiment was 
to find the effect of oxonium loss on the infrared 
absorption spectrum of alunite . 
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RESULTS 
EXPERIMENTAL PRODUCTS 
--
Virtually all silica-tube experiments conducted 
during this study resulted in the production of members 
of the potassium alunite - oxonium alunite series. The 
end product of all the successful experiments was a thin 
white fine druse on the inner wall of the silica-glass 
' 
tube. Although the remaining solution was not analyzed it 
is known from previous work (Fielding, 1980) that the 
solution is highly acidic (pH approximately 2.0). After 
extraction and heating to remove adsorbed water 
preliminary optical examination of the solid products 
showed them to be finely microcrystalline. Mixed in the 
microcrstalline mass were microscopic single crystals of 
low birefringence, a few of which showed rhombohedral 
cleavage faces. Aside from. the microcrystalline material 
and the small single crystals no other phases were 
~ 
optically detected in the experimental products. 
ti 
X-ray diffraction patterns of all the experimental 
products showed that an alunite-group mineral approaching 
_potas~ium alunite in general characteristics clearly 
predominated in the samples. However, in the patterns of 
almost all the experimental products there were a number 
of small peaks which could not be matched with those of 
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potassium alunite. The largest and most persistant of 
these is a distinct broad peak centering around 19.9 two 
theta (approximately 4.44 A). This peak, and the minor 
non-alunite peaks apparent in some samples, have been 
tentatively identified as those of alunogen 
[Al2 (so4) 3 ·1s(H20)] (i.e. unreacted starting reagent). 
The strongest peak of the alunogen phase did not exceed 
10% of the intensity of the strongest peak of the alunite 
phase in any of the diffraction patterns of the 
• 
experimental products. Listings of the reference peaks 
of potassium alunite and alunogen and the peaks of one of 
the more alunogen-rich synthetic samples-of this study 
are given in table 5. The actual diffraction pattern of 
the synthetic sample is shown in figure 6. The lack of 
any peaks attributable to unreacted potassium sulfate 
should partiqularly be noted. 
The d-values of the peaks identified as being from 
' 
the alunite phase were used to find lattice parameters 
for each sample. The least squares refinement program of 
Appleman and Evans (1971) was used. Appendix 1 lists 
for the individual samples the d-values used to calculate 
the lattice paramters, the relative intensities of the 
peaks, the refined lattice parameters, the unit-cell 
volume and the c 0 /a0 ratio. Table 4 shows the starting 
conditions of the experiments which produced each of the 
samples. 
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Table ~ 
i
' • : 
l , 
• 
·· Listing-· ·of·.·· successful Experiments, Showing Initial Solution ' I • • : 
Composition, Temperature, and Duration of Experiment. . ' .. 
' 
• I 
' I 
Starting Solution Composition Synthesis Conditions Notes : lRun No. %K K(M) Al(M) S04(M) Solution (m,V T (o-C) Time(hr.) 
I f 
.. 
' . 
1100ALUN 40 0.106 0.8 1.26 18 100 72 ' if 
1160ALUN 40 0.106 0.8 1.26 14 160 72 I 2100ALUN 60 0.160 0.8 1.28 14 100 72 . , 
2160ALUN 60 0.160 0.8 1.28 11 160 72 
. 
• 
• I 
3100ALUN 100 0.267 0.8 1.aa 6 100 48 I: 
3160ALUN 100 0.267 0.8 1.33 10 160 48 
3175ALUN 100 0.287 0.8 1.33 10 176 48 
6160ALUN 6 0.013 0.8 1.21 8 160 40 
817640AL 40 0.108 0.8 1.26 1.6 176 48 
717660AL 60 0.160 0.8 1.28 2.6 176 48 l 
• 
717500AL 0 o.oo 0.8 1.20 10 175 48 I 
920040AL 40 0.106 0.8 1.26 1.6 200 48 
) ' A20080AL 60 0.180 0.8 1.28 14 200 48 B26060AL eo o.1eo o.e 1.28 1.6 260 48 ,· 
"\ C17640AL 40 0.108 0.8 1,26 · 10 176 48 .. \ • C20020AL 20 0.063 o.e 1.28 10 200 48 
'· .. 
I D16000AL 0 o.oo o.e 1.20 16 160 48 :1 ~ E17680AL 80 0.212 0.8 1.a1 6.6 176 48 
,, 
0 
I E26040AL 40 0.108 o.e 1.26 1.6 260 48 
• FlOOAOAL 100 0.28'1 0.8 1:aa 6 100 48 ... ;,I 
F16040AL 40 0.106 0.8 1.2& rlO 160 48 
G26060AL 80 0.180 o.8 1.28 1.6 250 48 
t 
I • 
K10080AL 80 0.180 o.8 1.28 8 100 48 . i ~-t 025040AL 40 0.108 o.8 1.26 1.6 260 48 
.. Q260AOAL 100 0.287 o.8 1.aa 1.& 260 48 \ R26020AL 20 0.063 0.8 1.23 1.6 260 48 • 1i 
V27640AL 40 0.108 0.8 1.26 1. 6 276 14 • 
W275AOAL 100 0.267 0.8 1.33 1.6 276 12 
W27620AL 20 0.063 0.8 1.23 1.6 276 12 
Y16020AL 20 0.063 0.8 1.23 8 160 24 
Y27680AL 80 0.180 0.8 1.28 1.6 276 12 
Z200AOAL 100 0.287 0.8 1.33 3 200 48 
BB10040A 40 0.106 0.8 1.26 8 100 ge 
CC126AOA 100 0.267 0.8 1.33 8 126 72 
DD126801 60 0.160 0.8 1.28 8 126 72 ' 
' EE12540A 40 0.108 0.8 1.26 8 126 72 
. 
I 
--·--·--·- ---P--·P-·-·•• ! • • • ••• 
• 
I , 
. 
I Starting Solution Composition Synthesis Condit1ons Notes Run No. %K K(M) Al(M) S04(M) Solution (m-a) T ("C) Time(hr.) 
GG126601 60 0.160 0.8 1.28 8 125 48 
! GG126602 60 0.160 0.8 1.28 8 126 144 
' GG126603 60 0.160 0.8 1.28 8 126 336 GG12660A 60 0.160 0.8 1.28 8 126 720 GG12660G 60 0.160 0.8 1.28 8 126 1200 GG12~660P 60 0.160 0.8 1.28 8 126 ••• GG12660D 60 0.160 0.8 1.28 8 126 1660 
. GG12660B 60 0.160 0.8 1.28 8 126 1660 I HH126401 40 0.106 0.8 1.26 8 125 48 
l HB126402 40 0.106 0.8 1.26 8 126 144 HB12640B 40 0.106 0.8 1.26 8 126 360 BH12640P 40 0.106 0.8 1.26 8 126 ••• HB12640A 40 0.106 0.8 1.26 8 126 1200 II126601 303 0.160 0 .16 0.32 8 126 72 I II125602 100 0.160 0.48 0.8 8 126 72 
..i::. II125603 60 0.160 0.8 1.28 8 126 72 ...... II126604 60 0.160 0.96 1.62 8 126 72 I JJ12660A 60 0.160 0.8 1.28 8 126 24 JJ12660B 60 0.160 0.8 1.28 8 126 12 JJ12520 20 0.063 0.8 1.23 8 125 48 JJ17520 20 0.053 0.8 1.23 8 126 48 JJ12620P 20 0.063 0.8 1.23 8 126 ••• KK126401 40 0.106 0.8 1.26 8 126 12 KK12640B 40 0.106 0.8 1.25 8 126 24 LL126601 60 0.160 0.8 1.28 8 126 48 LL12660B 60 0.160 0.8 1.28 8 126 48 LL126603 60 0.160 0.8 1.28 8 126 48 MM136601 60 0.160 0.8 1.28 8 136 48 MM136602 60 0.160 0.8 1.28 8 136 48 NN150601 60 0.160 0.8 1.28 8 160 48 NN160602 60° 0.160 0.8 .1.28 8 160 48 00175601 60 0.180 0.8 1.28 8 1'16 48 00175602 60 0.160 0.8 1.28 8 176 48 PP200601 60 0.160 0.8 1.28 8 200 48 QQ160A01 100 0.267 0.8 1.33 8 160 48 RR126601 60 0.160 0.8 1.28 8 126 48 D 2 0 
••• Solid product heated to 300 c . 
• 
. •· 
'. 
--· ... -· ~...- ...... -
' . 
Alunite Alunogen 
Sample Reference Reference2 
110040 (Menchetti and (#26-1010) 
Sabelli, 1976) l 
d, A I/I0 dA Int dA Int hkl 
5.6640 5.1 5.73 9 101 
4.9131 24.7 4.98 45 012 
4.4471 9.8 4.489 100 
4.3470 2.1 4.390 80 
4.2857 1.9 4.329 75 
3.9472 0.7 3.969 80 
3.8675 0.4 3.869 50 
3.6590 1.7 3.675 45 
3.4850 19.9 3.51 28 110 
3.3375 1.3 3.361 19 
2.975 100.0 2.993 100 021 3.022· 35 
2.8475 5.9 2.871 5 006 2.956 20 
2.4725 2.0 2.483 2 024 2.488 25 
2.2659 38.7 2.279 25 205 
2.2113 6.4 2.220 5 122 
2.0590 0.6 
2.0187 1.8 2.027 2 214 
1.9045 37.9 1.911 25 033 
1.7492 19.5 1.755 12 220 
1.6737 1.2 1.655 2 312 
1some peaks result of multiple hkl. Only one • given. 
2only peaks with a relative intensity greater than 15 
between 7.00 and 2.01 A listed. 
Note: 100% Relative intensity peak of the· other reagent: 
Potassium Sulphate: 3.22 dA (#12-483) 
TABLE 5 
Listing of the x-ray poviler diffraction maxima of an alunogen-
rich saruple and the reference pattern for K-alunite and alunogen. 
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X-ray Diffraction Pattern of a Synthetic Sample of the 
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Before any attempt to interpret these results can be 
made it is first necessary to review the principle 
structural characteristics of the oxonium alunite -
potassium alunite solid solution series. The oxonium 
alunite unit-cell is slightly shorter along the c axis 
relative to that of potassium alunite. Oxonium-rich 
alunites typically have c 0 values near 17.11 A. 
Potassium- rich alunites have c 0 values near 17.30 A. 
Samples with intermediate compositions between the two 
end members exhibit intermediate values of c0 • A0 is 
relatively insensitive to composition. These 
generalizations apply only to members of the oxonium 
alunite - potassium alunite solid solution series. Other 
solid-solution series within the alunite group will 
obviously have different characteristics. 
The first topic to be considered in light of these 
data is the effect of the composition of the initial 
solution on the composition of the final product. A 
series of solutions of varying composition were heated at 
150° for between 48 and 72 hours. The refined c 0 of the 
. 
products, as a function of the composition of the initial 
solution, are shown in .figure 7. 
These data suggest that the composition of the 
initial solution has an effect on the composition of the 
product at 150° c. The product of the most "alunitic'' 
solution, with potassium present in a 1:3 ratio with 
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17.35 150°C 
17.30 
o<{ 17.25 
-
0 
U 17.20 
17.15 
0, 20 40 60 80 100 
sg K Saturation 
Figure 7 
Refined c0 as a function of the K-saturation of the initial 
solution, terrperature: 150° c, Experiment duration: 72 hours. 
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aluminum does not differ significantly from the end 
product of the pure oxonium alunite solution (i.e. 0% 
1 potassium alunite solution). However, solutions 
intermediate between these two extremes have end products 
approaching potassium alunite. The reason for this non-
linear distribution, with oxonium-rich products on either 
extreme of initial solution composition will discussed 
below. 
The effect of varying the aluminum concentration in 
the initial solutions, holding the potassium 
concentration constant, was also studied. A series of 
solutions with varying aluminum concentrations and 
constant potassium concentration were heated at 12s0 c. 
The refined c 0 and a 0 are plotted against the aluminum 
concentration in the initial solution in figure 8 and 
figure 9, respectively. As can be seen by the relatively 
small c 0 values, the products of these experiments 
approached the oxonium-alunite end member. However, the 
most important conclusion to draw from these data is the 
very limited effect of solution composition on end-
product composition. Although there is some scatter in 
the data, it is clear that changes in the aluminum 
concentration relative to the potassium concentration has 
little or no effect on the composition of the solid 
product within the potassium alunite - oxonium alunite 
series. Clearly, however, at least some aluminum must be 
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Figure 8 
Refined c0 as a ftmction of the Al-saturation of the initial 
solution, Tenperature: 1250 C, Experiment duration: 72 hours • 
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Refined~ as a function of the Al-saturation of the initial solution,· 
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present in the initial solution to f·orm members of the
 
solid-solution series, inasmuch as aluminum is a key 
structural element of the lattice of both end-members.
 
Evidently, there must be some aluminum concentration 
lower than any used in this study, below which members
 of 
the potassium alunite - oxonium alunite solid-solution
 
series can not form from solution. 
With this simple series of experiments as a base, 
the effect of temperature on the composition of the 
solids precipitated from solution was also considered.
 
Solutions of several selected compositions were heate
d 
at various temperature increments, in particular 175°
, 
200°, and 250° c. The results, as shown in figures 
10, 
11, and 12, are more conclusive than those at 150°. 
At 
175° c, there are two distinct populations. At very lo
w 
alunite saturation levels (0%) the c-axis data indicate 
that the solid product approaches oxonium alunite in 
composition. At slightly greater concentrations of 
potassium (i.e. 20% alunite saturation and above), the 
j 
products closely approach the composition of potassium
 
alunite. Except for the highest and lowest potassium 
concentrations considered (i.e. 0% and 100%~a1unite 
saturation), the composition of the initial solution 
seems to have little effect on the product composition
. 
A similar conclusion can be drawn from the data for 20
0° 
C (figure 11). Only at the highest potassium. 
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Figure 10 
Refined c as a function of the K-saturation of the initial 
solution, 0 tercq;ierature: 2500 C, Experiment duration: 12-48 hours . 
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Figure 11 
Refined c0 as a function of the K-saturation of the initial 
solution, Tanperature: 2000 C, Experiment duration: 12-48 hours. 
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concentration is there any significant difference between 
c-axes of the final products. Comparing figu~es 10 and 
11, it is clear that the products of the 200° experiments 
have smaller c-axes, which suggest that they are more 
oxonium-rich than the products of the 175° C experiments. 
Examining the data from the experiments at 250° C (figure 
12), the most obvious feature is a bimodal distribution. 
The end products from solutions of 40% or less alunite 
saturation have relatively small c-axes which approach 
that of oxonium alunite. End products from solutions of 
60% and greater alunite saturation have rel~tiv~ly large 
c-axes approaching that of potassium alunite. In 
general, all the c-axes of the 250° C end products are 
smaller than those of the lower temperature experiments, 
though the large error bars limit any quantitative 
conclusion in this respect. 
Consequently, there are two generalizations which 
may be drawn from these data. First, there is some 
dependence of the composition of the product on the 
composition of the initial solution. The effect is only 
apparent at very high and very low levels of alunite 
saturation. It appears, however, that the effect of 
initial solution composition increases at higher 
I 
temperature such that at the highest temperature 
considered (250° C) there is a rough bimodal distribution 
of the solid product. Second, it appears that the 
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Figure 12 
Refined Co as a function of the K-saturation of the initial 
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100 
magnitude of the c-axis in the alunite products is at 
least in part a function of temperature. 
• For any given 
initial solution composition, the solid product forme
d at 
the higher temperatures generally has a smaller c-ax
is 
dimension, which suggests that temperature increases
 the 
amount of oxonium which is incorporated in the aluni
te 
lattice. 
The same data can be re-examined to better resolve 
the.effect of synthesis temperature on the oxonium 
alunite - potassium alunite solid-solution series. 
This 
can:be done by plotting the refined c-axis data vers
es 
the formation temperature for each compositional 
increment of the starting solution. Examining the d
ata 
for the temperature series of the lowest alunite 
saturation level (20%) for which there is adequate 
coverage (figure 13) it appears that there is a general 
trend of shortening of the c-axis of the alunite pro
duct 
as the temperature of formation is increased. This 
trend 
holds from 125° up to 250°. Above this temperature t
he 
c-axis increases drastically, and falls within the 
limits of the error of the 125° experiment. 
• • Examining 
the data from experiments using initial solution 
compositions of higher alunite saturat-ion (figures 14, 
15) the same general trend is visible. However, the 
trend for these compositions is modified by a precip
itous 
decrease in the c-axis below 125° c. The most satura
ted 
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series of solutions (100% alunite saturation) studied 
also show this trend (figure 16)~ However, the 
initial sharp drop in the c-axis length occurs below 150° 
c as opposed to below 125° for the less saturated 
solutions. 
THERMOGRAVIMETRIC ANALYSIS OF SYNTHESIZED SAMPLES 
Themogravimetric analysis was carried out on most of 
the samples synthesized during this study. The purpose 
of this analysis was to gain some knowledge as to the 
types and relative amounts of hydrous species present in 
the samples and hence to support or refute the trends 
indicated by x-ray analysis. 
Thermogravimetric analysis consisted of heating 
each sample at least three hours, weighing the sample and 
then heating the sample at a temperature 40° higher. 
This procedure was repeated between 100° C and 530° c. 
The percent weight loss at each step was then calculated 
relative to the initial weight of the sample. 
Previous studies (notably Kaskai and Babaev, 1969; 
Fielding, 1980) indicate that, within the temperature 
range covered by the analyses of this study, there should 
be at most two temperature intervals of weight loss. The 
first, between 110° and 325° c represents the loss of 
oxonium, if present, and some of the hydroxyls of the 
alunite lattice; the second, between 350° and 500° C 
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Figure 16 
Refined c0 as a function of experiment tanperature, 100% K-saturation 
in initial solution. 
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represents the loss of most of the remaining hydroxyl 
units. Thus, in theory, a oxonium-rich alunite would 
show two distinct intervals of weight loss up to 500° C, 
whereas a pure potassium alunite would have only one. In 
actuality, as found by Fielding (1980), in oxonium-rich 
alunites the two weight-loss intervals tend to merge 
into each other, thus resulting in one asymmetric broad 
peak with the greater amount of the weight loss in the 
350° to 500° C range. 
Examining a sample of the actual data (figure 17) it 
appears that the above generalizations do hold true for 
at least some of the samples synthesized in this study. 
X-ray data suggest that the sample synthesized (40% K-
alunite solution at 150° c with a c-axis = 17.30 A) 
approaches the potassium end-member of the solid-solution 
series. The corresponding the~mogravimetric curve 
consists of one very large weight loss between 450° and 
500° C which merges with a relatively minor continuous 
weight loss between 200° and 450° c. Comparing this to a 
sample which x-ray data indicate to be richer in • oxonium 
(AO% K-alunite initial solution, 175° c, c axis= 17.25 
A), there is a noticeable difference between the two 
thermal curves, especially in the 200° to 450° range 
(Figure 18). The curve for the 175° product is steeper 
in this temperature range and the separation between the 
two peak weight losses, although still distinct, is less 
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sharp than in the 150° product •. This suggest that, as 
predicted by the refined x-ray data, the products of the 
175° experiment are richer in oxonium than those of the 
1so0 experiment. 
Similar results were found in other experiments with 
different initial solution compositions and experiment 
temperatures. For example, experiments on a product with 
a 20% K-alunite initial solution composition show similar 
trends similar to those discussed previously (figure 19). 
The product of an experiment at 150° C with a composition 
intermediate between potassium alunite and oxonium 
alunite (c-axis = 17.22) has two distinct stages of 
weight loss, a continuous loss between 100° and 420° C 
and a sharply increased weight loss at about 420° C. The 
product of an experiment at 250°, however, which X-ray 
analysis suggests approaches the oxonium end-member in 
composition (c axis= 17.19) shows a nearly linear 
weight-loss curve over the entire temperature range 
considered (Figure 20). This curve is very similar to 
, that of the oxonium alunite end-member synthesized at 
150° c (Figure 21). 
Thus, in general, the data from thermogravimetric 
analysis is in accord with and supports the conclusions 
based on X-ray analysis. However, inspection of the 
.. thermal curves shows the serious limitations of 
analyzing experimental products solely on this basis. 
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The merging of the weight-loss peaks with increasing 
oxonium content in the alunite structure limits this 
method to qualitative or, at best, semi-quanitative 
conclusions. 
As an adjunct to the thermogravimetric analysis, an 
experiment was conducted to determine the stability of 
the oxonium-bearing alunites. For this purpose, three 
experimental products, one highly potassic and two rich 
\ 
in oxonium, were heated in open aluminum pans at 300° C. 
After five hours the samples were removed and analyzed 
using x-ray diffractometry. Figure 22 shows the the 
refined c 0 parameter before and after heating. The 
highly potassic sample is largely unaffected by heating 
to 300° C. The two oxonium-rich samples, however, show 
large increases in the magnitude of c 0 after heating. 
The new lattice parameters of the samples cluster around 
17.30 A, which is approximately the c 0 of pure potassium 
alunite. In addition, the heated samples show a number 
of non-alunite diffraction peaks not seen in the non-
heated patterns. These peaks have been identified as 
belonging to potassium aluminum sulphate [KAl(S04) 2] 
(table 6). Thus, it appears that heating to 300° removes 
most or all of the oxonium from the potassium alunite 
structure with ~onsequent partial destruction of some of 
the alunite to form other potassium aluminum sulphates. 
INFRARED ABSORPTION SPECTROSCOPY 
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Synthetic KAl (SO aJz. 
Sample K-Alunite 
(JCPDS 23-767}JJ' GG12660P Reference-,. 
d,A I/Io d,A I/Io d,A I/Io 
____________ .._. _____ ~-------------------------,_-~-------------
6.6533 7.73 6.76 g 
4.9131 21.87 4.gs 46 
3.6246 11.16 3.838 100 
3.4716 22.07 3.62 28 
3 .1328 3.60 
3.0768 4.10 
2.Q732 100.00 3.00 100 
2.8816 11.16 2.880 6 
2.8463 6.58 2.868 60 
2.6646 1.66 2.663 16 
2.4728 4.64 2.488 2 
2.3647 6.62 2.361 26 
2.2866 41.62 2.284 26 
2.2031 8.97 2.221 6 
2.0517 2.34 2.027 2 • 
2.0174 1.96 
1.Q738 1.62 
l.8Q89 43.49 1.g20 26 
1.8190 2.64 1.819 13 
1.7411 31.88 1.766 12 
--------------------------------...-------------------... ------------· 
~Menchetti and Sabelli, 1g75 
~¥ Only peaks with relative intensity )1°" 
Table 6 
Canparison of x~ray Powder Diffraction Data: Synthetic 
Alunite After Heating at 3QQO C and Reference Patterns.· 
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Selected samples of synthetic alunite were analyzed 
using infrared absorption spectroscopy in order to 
clarify the nature of the hydrous species present. 
Indications of the absence or presence of oxonium in the 
12-coordinated site of the alunite structure were of 
particular interest in that these data would support or 
refute the underlying basis of the above discussion of 
the x-ray diffractometry results, namely that changes in 
refined lattice parameters correspond to changes in the 
oxonium content in the alunite structure. 
The infrared absorption spectra of synthetic 
alunites is dominated by two features: 1) the vibrations 
from sulphate groups and 2) the vibrations from oxygen-
and hydrogen-bearing species such as OH- and H3o+. The 
latter category also includes the vibrat.ions from 
deuterium-bearing species such as o3o+ and OD-. The 
infrared absorption spectra of the samples used in this 
study are shown in figure 23. One sample (A, figure 23) 
is interpreted to be potassium-rich from its refined 
· lattice parameters (c0 = 17.31); the other is interpreted 
to be oxonium-rich (c0 = 17.12) (B, figure 23). Table 7 
shows the assigment of vibrational modes to the most ~ 
prominent absorption bands of the samples used in this 
study. 
The infrared absorption characteristics of the 
oxonium ion in solids have been studied in some detail 
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Infrared Absorption Spectra for Selected Synthetic Aluntte 
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210060AL 210060Al 
(300° C) 
Sample · Sample Assignment Reference 
215060Al RR12560D 
(D20) 
-----------
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--------------
3500 s,n 3495 s,n 3490 s,n 3500 s,n 
3350 w,sh 
1670 m,n 1650 
1240 w,b 1220 s,n 1220 
1090 s,b 1000 s,b 1020 
700 s,b 
590 m,b 590 
1Kubisz (1972) 
2Ryskin (1974) 
3Hunt et al. (1971) 
4wilkins et al. (1974) 
m,n 
w,b 
w,b 
m,n 
Table 7 
2600 s,n 
2540 w,sh 
2340 w,n 
2400 m,vb 
1640 m,b 
1200 s,b 
1100 s,b 
670 w,b 
570 w,b 
• 
n narrow 
b broad 
vb very broad 
sh shoulder 
OH V 1 
+ H3o (v1 , V3) 
OD V 2 
+ D10 2v4 A -OH 2 3 
+ o3 o (v1 , V3) 
H2o+v2 
H30 V4 4 
S04 v 3 1 
S04 v 3 1 
S04 v 4 1 
S04 v 4 1 
s strong 
m moderate 
w weak 
vw very weak 
Vibrational Mode assignments for Infrared Absorption Spec
tra 
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(Wilkins, et al., 1974). The oxonium ion has a free ion 
symmetry of c3v and therefore has four characteristic 
modes in its infrared spectum. In solids, two of these 
modes (v1 and v3 ) overlap in the 3500-2450 cm-1 range, 
while the other two modes, v4 and v 2 fall in the 1750-
1600 cm-1 and 1200-1000 cm-1 ranges respectively 
(Fielding, 1980). The presence of absorption maxima in 
these ranges in the infrared absorption spectra should 
thus indicate the presence of oxonium. However, there 
are two additional hydrogen- and oxygen-bearing species 
in the alunite structure (OH- and S04-2) which have 
infrared absorption modes -overlapp.ing those of oxonium. 
.. 
Thus, in alunite, the v2 mode of oxonium is hidden by the 
vibrations of the sulphate groups in the 1300-1000 cm-1 
range and the v 4 mode is lost in the H2o v 2 vibration at 
1640 cm-1 • The H2o, in these case, is not part of the 
mineral structure but, rather, represents water absorbed 
on the KBr pellet during data collection or water trapped 
in minute inclusions during mineral synthesis (Fielding, 
1980). 
There is, therefore, only one absorption maximum 
characteristic of oxonium which may be identified in the 
infrared spectra of the alunites, namely, that resulting 
from the v 1 and v 3 vibrational modes. Unfortunately, 
• 
this mode, while not totally obscured by the modes of .~ 
other species, falls close to the prominent OH mode at 
-73-
3480 cm-1 • The oxonium v1 and v 3 absorption maximum 
fo1ms, in fact, a shoulder on the-low-frequency side of 
the OH absorption maximum. Such a shoulder is visible in 
the high-oxonium spectrum (B, figure 23) and appears to 
be much smaller or absent in the high-potassium alunite 
(A, figure 23). However, the broadness of the OH 
absorption maximum makes this concluson somewhat tenuous. 
To further test the validity of this conclusion, the 
pellet bearing the high-oxonium alunite was heated in a 
box furnace for 24 hours at 340° C and then re-analyzed. 
The resulting spectrum (C, figure 23) is very similar to 
that~of the unheated sample (B, figure 23). However, the 
OH absorption maximum at 3495 cm-1 is much sharper than 
in the unheated sample and the shoulder is not present. 
This would seem to indicate that the oxonium absorption 
maximum is present in the unheated sample, in which it 
merely distorts the OH maximum slightly. Heating drives 
off the H3o+, thus eliminating the distortion of the OH 
absorption maximum. This is in accord with the results 
' of the experiment described above in which lattice 
parameters changed after heating towards those of 
potassium alunite. 
A further refinement of this conclusion is possible 
through the synthesis of deuterium-bearing alunite. The 
alunite was synthesized in a sealed iilic~-glass tube at 
125° C from a 60% K-alunite saturated solution, 
-74-
conditions which previously produced alunit
e apparently 
rich in oxonium {i.e. figure 15). o3o+, the deuterate
d 
analog of oxonium, has essentially the same
 infrared 
absorption spectra as H3o+, but all the abs
orption maxima 
are shifted slightly, thus moving them away
 from those 
which overlapped the non-deuterated oxonium
 maxima. 
Examining the results of this analysis (D, figure 23 
and 
table 7), the large OH absorption maximum at 3500 cm-
1 is, 
still present. However, a second large abs
orption 
maximum is seen at 2600 cm-
1 which may be assigned to OD 
·(i.e. deuterated hydroxyl). A small shoulder on this
 _. 
· .. ~:. __ maximum at approximately 2490 cm-
1 has been .attributed ·to 
the 2v4 vibrational mode of o3o+ 
(Fielding, 1980). A 
more distinct maximum, visible at approxima
tely 2300 cm-
1, can be attributed to the combined v1 and
 v3 
vibrational modes of o3o+. 
In conclusion, the infrared absortion analy
sis of 
selected samples of synthesized alunite and
 a deuterized 
synthetic alunite seems to qualitatively ve
rify some of 
the results of the lattice parameter determ
inations. A 
sample whose lattice parameters approximate
 those of 
oxonium alunite seems to have an oxonium ab
sorption 
maximum in its infrared spectrum at 3350 cm-
1 whereas a 
sample whose lattice parameters approximate
 thase of 
potassium alunite does not have such maxima
. The 
deuterized sample has absorption maxima at 
2540 and 2400 
j 
. 
, . 
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cm-1 in its infrared spectra which correspond to the 
deuterium analog of oxonium, thus stressing that oxonium 
is, in fact, the species present in the alunite 
structure. 
SYNTHETIC ALUNITE COMPOSITIONS VERSES TIME 
The final part of the synthesis portion of this 
study considered the effect of time on the composition of 
the solid products. Previous studies (notably Fielding, 
1980) have demonstrated, or at least suggested, that 
potassium alunite - oxonium alunite synthesis 
experiments reach equilibrium wi,thin 24 hours. This 
relationship, while certainly tempting to the impatient 
investigator, has never been rigorously tested. Although 
there have been studies involving oxonium-bearing 
jarosite with synthesis times in weeks or months (i.e. 
Brown, 1970) experiments involving the potassium alunite 
- oxonium alunite series rarely extend beyond 72 hours 
and most have been limited to 48 hours or less (i.e. 
Ripmeester et al., 1986; Parker, 1962). To test the 
validity of the suggested fast equilibrium rate two 
series of experiments were prepared, one with an initial 
solution composition of 60% and another with 40% 
potassium alunite saturation. Both series were heated at 
125° c. After 12, 24, 48, 72, 144, 360, 720, 1200 and 
1560 hours a single tupe of each series was, quenched and 
-76-
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the solid products analyzed using x-ray diffractometry. 
Experimental attrition, notably tube failure, took a 
greater toll on the 40% series, thus preventing data 
collection at 720 and 1560 hours for that series. 
Examination of the refined x-ray data for the 60% 
series (figure 24) shows that there are two distinct 
trends. The first trend is a steep drop in the c-axis 
length between 12 and 24 hours which continues, though 
less steeply, to 72 hours. Between 72 and 144 hours (3 
and 6 days) the c-axis appears to be roughly constant. 
It should be noted that the very small c-axis values. 
between 48 and 144 hours (approximately 17.105 A} we~e 
also observed in the variable temperature experiments 
described above (figure 15). These data would seem to 
support the conclusion of previous workers, namely, that 
in the oxonium alunite - potassium alunite system 
equilibrium is reached within 48 hours. However, the 
additional data (15 days and longer) show a second trend 
which would seem to indicate that the apparent 48-hour 
equilibrium composition is, in fact, a disequilibrium 
composition. These data show a continuous increase in 
the magnitude of c 0 although not as steep as the initial 
drop found between 12 and 24 hours.· The time constraints 
of this study limited the longest time experiment to 1560 
hours (65 days) but there is no definite evidence for 
equilibr·ium even after this period of time. 
-77-
" 
.,. 
\ 
{ 
I 
17.35 60% Initial Solution 
17.30 .. 
o<( 17.25 
0 
U 17.20 
17.15 
0 20 40 
Time (Days) 
Figure 24 
Refined Co as a function of the duration of experiment, 60% 
K-saturation initial solution. 
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The more limited data from the 40% series (figure 
25) seems to support that of the the 60% series. Once 
again, after an initial drop inc-axis length betweeen 12 
and 24 hours, a pseudo-equilibrium is reached which 
persists at least until 144 hours (6 days). The data 
point at 360 hours (15 days) is rather high compared to 
• 
the 60% K-alunite saturation curve but, in any case, by 
1200 hours (50 days) the c-axis of the solid product is 
approximately the same as that of the 60% series at the 
same time interval. 
It would therefore seem that the reactions within 
the oxonium alunite ~ ·potassium alunite system are not 
nearly as simple as previous studies have indicated. 
Experimental products appear to rapidly reach a pseudo-
equilibrium state, rich in oxonium as indicated by their 
relatively small c 0 values which persists for 
approximately a week. It appears that the c-axis (i.e. 
potassium content) then gradually increases. The results 
of this study indicate that equilibrium is not reached 
within a period of 1200 hours (50 days) after initial 
heating and possibly not within 1560 hours (65 days) at 
125° c. 
NATURALLY OCCURRING ALUNITES 
Samples of alunite-group minerals were collected at 
several field sites with the objective of gathering 
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Figure 25 
Refined c0 as a function of the duration of experiment, 40% K-saturation initial solution. 
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alunitic material from a variety of genetic types of 
deposits. These sites were located near Lake City, 
Colorado and Marysvale, Utah. 
At Marysvale, Utah, samples were collected from two 
distinct genetic types of alunite group deposits: 
metasomatic (replacement) deposits and vein deposits. 
Both types are considered to be hypogene in origin by 
recent workers (Cunningham et al., 1984). Only limited 
work has been done on the alunite deposits at Lake City, 
Colorado, but preliminary results suggest that there are 
multiple episodes of alunitization (D. Bova, Per. Comm.). 
Alunite- group minerals occur at-Lake City in the form of 
veins and as replacements of feldspar phenocrysts in 
rhyolite. 
Selected samples were taken from the collected 
material for analysis. Where possible, alunite material 
was manually scraped out of veins and large replaced 
feldspar phenocrysts with a fine steel probe. Certain 
samples, notably those from the Marysvale replacement 
deposits, were too fine-grained and intimately 
disseminated for this procedure and were simply crushed 
in bulk to a fine powder. 
The selected samples were first analyzed by x-ray 
diffractometry with the dual purpose of identifying the 
phases accompanying the alunitic phase ~nd of providing 
the raw data for the refinement of the unit-cell 
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parameters of the alunitic phase. Each samp·le ·was then 
analyzed thermogravimetrically, using the same procedure 
described for the synthesized alunites. The purpose of 
the thermogravimetric analysis was to gain some 
understanding of the amount and type of hydrous species 
in the natural specimens by comparison with the 
analytical results of the synthetic samples. 
The results of the analysis of the natural samples 
are divided into three parts by deposit type and 
locality, namely, Marysvale replacement deposits, 
Marysvale vein deposits and Lake City deposits. 
_ Marysvale Replacement Deposits 
The Marysvale replacement deposits are in the form 
of distinct ''cells'', individual cells being up to 3 km in 
diameter. The alunite deposits have been described as 
being intermixed fine quartz and alunite, the alunite 
containing little or no sodium (i.e. closely 
approximating the potassium alunite ertd-
member) (Cunningham et al., 1984). 
The samples analyzed in this study were collected 
from two deposits, the Yellow Jacket mine and the White 
Horse mine, in two separate but adjacent ''cells''. The 
Yellow Jacket mine is, in form, essentially a hill wi~h 
man-made terraces cut into two sides (Plate 1), each 
terrace being about 30 feet wide. The White Horse mine 
-82-
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Plate 1 
Yellow Jacket Mine, Marysvale, Utah 
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is also developed in a hillside but, in this case, entire 
sections of the hill have been simply removed (Plate 2). 
In both mines, the exposed alunite forms steep cliffs of 
massive alunitized rock (especially evident in Plate 2), \ individual cliffs being up to 40 ft. high. The 
boundaries of the alunite cells, as exposed at the mines, 
are gradational in character. Thus, it is possible to 
observe the gradual transitions between relatively 
unaltered rhyolitic country rock to a zone of alunitized 
feldspar phenocrysts to the actual core o·f the cell which 
is composed of fully alunitized rock. 
The alunitized rock is very massive and resistant to 
breakage and has no apparent preferred fracture 
directions. Fresh samples are typically mottled chalk 
white and light pink with no macroscopic crystals. 
X-ray analysis of crushed bulk samples from both 
deposits indicate that the rock consists almost entirely 
of two minerals: quartz and an alunite-group mineral. 
Quartz dominates the x-ray patterns, the alunite peak 
with the highest intensity being approximately 70% of the 
strongest quartz peak. Refinement of the alunite x-ray 
diffraction data from the White Horse min·e gives final 
lattice parameters of c 0 = 17.31 A and a 0 = 6.98 A, which 
is close to that of pure potassium alunite. 
Although the high c-axis parameter virtually rules 
out the presence of any appreciable amount of oxonium in 
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Plate 2 
White Horse Mine, Marysvale, Utah. 
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the White Horse alunite, a thermogravimetric analysis was 
performed as a verification. The results of this 
analysis (figure 26) emphasize the lack of oxonium in . 
this alunite. The thermogravimetric curve is virtually 
flat between 100° and 450° c, the range in which the 
curve is distorted by oxonium in the alunite structure 
{compare figures 26 and 21). The peak caused by the loss 
of structural OH above 450° is very sharp, unlike that of 
the oxonium-bearing synthesized samples. 
In summary, neither x-ray or thermogravimetric 
.analysis gives any indication that.oxonium is present in 
···the al unite of the replacement deposits at Marysvale. . . .,.. -... 
Marysvale Vein Deposits 
The Marysvale vein deposits constitute the type 
locality for this type of alunite deposit. Veins of 
coarse-grained alunite up to 20 min width have been 
reported in the Alunite Ridge area southwest of Marysvale 
(Cunningham et al., 1984). 
A sample obtained from Dr. Cunningham consisted of 
layered plumose crystals up to 1 cm in length. The 
color of the crystals is, in general, pale pink with 
certain layers slightly darker than the bulk of tpe 
~- \_ / 
. __ ,.,,,., 
sample. The sample is massive and resistant to fracture . 
X-ray analysis of a powdered sample of the vein 
material indicates that the vein consists entirely of 
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pure alunite. The pink color of the sample has been 
attributed to finely disseminated hematite by previous 
workers (Cunningham et al., 1984) but none of the peaks 
in the x-ray powder diffraction pattern obtained in this 
study could be attributed to hematite with certainty. 
Refinement of the x-ray data gives a c 0 of approximately 
17.30 A, which closely approximates that of the potassium 
alunite end-member. 
Thermogravimetric analysis indicates that, like the 
samples from the replacement deposits, the sample from 
·c. the vein deposits contains little or no oxonium in its 
structure (figure 27). The:thermogravimetric curve is 
relatively flat over the entire temperature range except 
for the large weight loss due to the loss of OH above 
450° c. 
In summary, the results of the x-ray diffraction 
analysis and thermogravimetric analysis indicate that the 
Marysvale vein alunite closely approximates the potassium 
alunite end member and thus contains little or no 
• oxonium. 
The Lake City Deposits 
• There is, at present, no published scientific 
account of the Lake City alunite deposits, though the 
base and precious-metal deposits in the locality have 
been the subject of interest and study since the early 
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1900's (Irving and Bancroft, 1911). This is probably 
because of the poor outcrops in the area, with the 
deposits being largely covered with float from Red 
Mountain, on the·lower slopes of which the deposits are 
located. However, the alunite deposits were recently 
core drilled in three sites to evaluate the deposit as a 
potential resource. Core obtained from this operation 
has provided the basis for detailed petrographic and 
chemical studies of the deposits, the results of which 
may soon be forthcoming (D. Bova, per. comm). The cores 
were the source of the samples used in this study. - ... ------, ·-
·-· -.. .• -e• 
. . ·.- ' ·1.' _, ,- '._'. ,,;'-, The alunite in the Lake City drill .cores can be. 
divided in two general types: vein alunite and 
replacement alunite. In the deeper parts of the core, 
from approximately 120 ft below the present surface to 
the limit of drilling at approximately 350 ft the two 
types may be easily distinguished. The replacement 
alunite is largely confined to the feldspar phenocrysts 
of the rhyolitic country rock which range from 1 mm to 1 
cm in size. The contacts between the replaced 
phenocrysts and the greyish country rock are very sharp. ~ 
The vein alunite takes the for1u of anastomosing networks 
of narrow veins (typically less than 3 mm diameter). 
Like the replacement alunite, the vein alunite has sharp 
contacts with the country rock. At depths shallower t~an 
120 ft., however, the entire rock becomes progressively 
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more ~lunitized and the alunite-bearing veins become much 
thicker (up to 3 cm thick) with more gradational 
contacts. In effect, the vein and replacement alunites 
converge near the present land surface. 
Samples from both the vein and the replacement type 
alunites were analyzed using x-ray powder diffractometry 
to identify the phases present and to detezmine the 
lattice parameters of the alunite. The only phases found 
in both types, without exception, are quartz and an 
alunite-family mineral. The two types of alunite clearly 
have discrete c 0 yaulues (Table· 8)-. The replacement_ 
alunite has a c0 equivalent.to that.of the Marysvale vein 
and replacement alunites (i.e. closely approximating the 
potassium-alunite end member). However, the vein alunite 
samples have distinctly smaller c 0 values, averaging 
approximately 17.23 A. The smaller c 0 values are 
characteristic of synthetic alunites of moderate oxonium 
content. However, since a moderate amount of sodium in 
the alunite lattice also can lower c 0 to the observed 
value (Parker, 1962) this in itself is not sufficient to 
prove the presence of oxonium. Iron subsituting for 
' 
aluminum in the alunite lattice also decreases c 0 , but it 
also increases a 0 which is not indicated by the Lake City 
data. . o. ..,. 
The samples of both the replacement and the vein 
alunites were also analyzed thermogravimetrically. Two 
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Marysvale: 
Replacement Deposits 
Vein Deposits 
Lake City: 
Replacement Alunites 
1st Hole, 270 ft. 
1st Hole, 309 ft. 
Vein Alunites 
2nd Hole, 115 ft. 
3rd Hole, 64 ft. 
3rd Hole, 89 ft. 
3rd Hole, 203 ft. 
a axis (A) 
6.981+0.002 
6.997+0.005 
1.00~+0.ooJ 
6. 97-a+o. 004 
6.946+0.006 
6.958+0.005 
6.957+0.004 
6.957+0.003 
Table 8 
• 
-
Refined Lattice Parameters 
c axis(A) 
17.305+0.008 
+ 17.30 0.02 
'11.40+0.01 
+ 17.32 0.02 
+ 17.21 0.02 
+ 17.24 0.02 
+ 17.23 0.02 
+ 17.23 0.02 
of Alunites from Lake city, Colorado 
and Marysvale, Utah 
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representative thermogravimetric curves are shown in 
figure 28. The curve for a replacement alunite sample 
(figure 28, right) is virtually flat between 150° and 
450°, indicating that oxonium is absent in the structure. 
This was expected, considering the refined cell 
parameters of these alunites. The vein alunite has a 
- , 
thermogravimetric curve (figure 28, left) directly 
analogous to that of the replacement alunite, despite its 
smaller c 0 value. It is therefore likely that the vein 
alunite contains a small amount of sodium replacing 
potassium, which would lower c0 , maint~in a 0 constant, 
and have a thermogravimetric curve similar to that of · 
pure potassium alunite. 
In summary, there is no clear evidence for the 
occurrence of members of the oxonium alunite series in 
the Lake City alunite deposits. The replacement alunite 
of Lake City is, as indicated by both x-ray and 
thermogravimetric analysis, a highly potassic alunite 
close to the potassium alunite end member. The vein /~' 
alunite contains little or no oxonium as indicated by 
thermogravimetric analysis. Its low c 0 value relative to 
the replacement alunite is probably the result of the 
incorporation of sodium in the alunite structure in place 
of potassium. 
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OPTICAL EXAMINATION 
Samples of both natural and synthetic samples were 
examined to determine their indices of refraction as a 
function of composition. This was done using the 
standard grain immersion method, that is, comparing the 
refractive indices of the samples against liquids of 
known refractive index. 
In this study is was found that no meaningful data 
,.,,. · could be derived from the refractive indices-. With the 
_:--exception of the Marysvale vein material, all- the __ 
:· .. :.~ -.':"'..:. .. _:~.·,synthetic and natural samples were too fine ·grained: to 
permit accurate measurement of refractive indices. 
Although an omega value could be obtained from each 
sample with relative ease, this index of refraction • 1S 
associated with the a 0 lattice parameter in the alunite 
group and thus shows little variation over a wide 
compositional range. In addition, the presence of 
alunogen in the synthetic samples and quartz in the 
natural samples, both of which have optical properties 
similar to those of the alunite family makes the 
\ 
measurement problem even more difficult. 
In summary, it proved to be impossible to adequately 
characterize the alunite samples by means of the 
refractive indices. Only the omega index, the index of 
least interest given its association with the relatively 
-95-
constant a 0 axis of the oxonium alunite - potassium 
alunite series, could be determined with any accuracy, 
and even the omega determinations are subject to question 
because of the presence of other phases in all the 
samples. This is especally the case in the synthetic 
samples in which varying amounts of triclinic alunogen 
are present, whose optical properties are largely unknown 
but are thought to overlap those of the potassium alunite 
- oxonium alunite series. 
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CONCLUSIONS 
1) The synthesis experiments of this study indicate 
that the composition of the initial solution does have an 
effect on the composition of the solid product of the 
potassium alunite - oxonium alunite series. However, 
over a broad initial solution compositional range, the 
effect is relatively minor compared to other factors. It 
is likely that only very high and very low potassium 
concentrations in solution would significantly affect the 
, 
composition of the final solid alunite. 
2) The synthesis experiments show that temperature is a 
major factor in determining the composition of the final 
solid phase. However, the effect of temperature does not 
appear to be lineaz:_. The results of this study suggest 
that, for solutions of moderate potassium concentrations, 
the final solid is rich in oxonium at low fo~mation 
temperatures (100° - 12s° C), highly potassic at moderate 
temperatures (approximately 1so° C) and gradually become 
more oxonium-rich at still higher temperatures (175° -
200° C). There is· some evidence that the solid products 
again become more pot~ssic at the highest formation 
temperatures studied (250° - 275° C) but this result is 
tentative. 
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3) The composition of the synthesized solids of the 
potassium alunite - oxonium alunite series does not reach 
equilibrium within 48 hours of initial heating of the 
solution as indicated by previous workers. Rather, the 
synthesis experiments of this study indicate that a false 
apparent equilibrium is reached approximately 48 hours 
after initial heating. Over long spans of time, however, 
the solid product of the solution experiments becomes 
more potassium rich through reaction with the solution. 
An equilibrium composition of the solid was not 
.. attained by experiments lasting as long as 1560 hours 
(65 days) at 125° C. 
4) The changing composition of synthetic alunite as a 
function of time at a constant temperature, in 
combination with the lack of oxonium in alunite samples 
... 
from both vein and replacement alunite deposits from two 
different localities suggest that the oxonium alunite -
.. 
potassium alunite geothermometer has only limited 
geological application. This is not to say that oxonium-
bearing alunite does not exist in nature. Oxonium-
bearing alunites may exist in active sulphate-rich 
geothermal systems. However, the results of this study 
suggest that oxonium alunite, over extended time periods, 
will react to form potassium alunite if potassium is 
available in the ambient fluid. Given the depositional 
' 
environment of the alunite group, it is highly probable 
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that potassium will always be available in nature. 
Consequently, the initial K20/H3o ratio of an alunite, 
which is a sensitive indicator of deposition temperature, 
will not persist in time. __ I 
5) The results of this study indicate, however, that 
oxonium alunite is an important phase in that it is an 
inevitable product of synthesis studies. In order to 
properly study the alunite group, synthesis experiments 
must either be extended over longer time periods or else 
their products must be heated to at least 300° c in order 
to eliminate the oxonium alunite. 
6) Given the extensive solid-solution known to exist 
between the various members of the alunite group, it is 
likely that the results of this study, in general, are 
applicable to other end-members of the group. Thus, it 
is probable that there is a natroalunite - oxonium 
alunite series with the same general characteristics, 
including instability of compositions except for end-
members, as those found for the oxonium alunite -
potassium alunite series. However, these hypothetical 
solid-solution series, like the oxonium alunite -
potassium alunite series, while obviously of importance 
in synthesis studies within the alunite group, may have 
very limited geological application. 
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X-ray Paviler Diffraction Data Used for Unit-cell Refinement 
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(X) 
I 
101 
012 
110 
021,113 
006 
024 
206,107 
122 
214 
033 
220 
a 0 , X 
C,01 Jl 3 
Vol. (A ) 
co/ab 
101 
012 
110 
021,113 
006 
024 
206,107 
122 
214 
033 
220 
llOOALUN 1160ALUN 2100ALUN 2160ALUN 3100ALUN 
d, X I/Io d, X I/Io d,X I/Io d,X I/Io d,X I/Io 
6.6649 
4.Q131 
3.4860 
2.Q747 
2.8476 
2.4726 
2.266Q 
2.2113 
6 
26 
20 
100 
6 
2 
39 
6 
1.9046 
1.7492 
38 
20 
6.989(6) 
17.12 (3) 
724 (1) 
2.449 
3176ALUN 
d,.X I/Io 
6.722 7 
4.968 24 
3.602 18 
2.993 100 
2.486 6 
2.293 38 
2.214 9 
1.906 42 
1.748 29 
6.994(2) 
17.37 (2) 
734 (1) 
2.483 
6.7240 
4.Q63Q 
3.6038 
2.9912 
2.8806 
2.2874 
2.2178 
1.9086 
1.7618 
6 
23 
19 
100 
7 
41 
9 
42 
27 
7.00Q(6) 
17.31 (3) 
736 (1) 
2.470 
6160ALUN 
d,X I/Io 
6.746 6 
4.972 32 
3.611 16 
2.997 100 
2.878 22 
2.486 4 
2.283 42 
2.220 6 
2.028 2 
1.912 64 
1.764 23 
7.019(2) 
17.27 (1) 
737.0{4) 
2.460 
6.762 
4.970 
3.618 
2.996 
2.864 
2.488 
2.273 
2.222 
1.Qll 
1.756 
4 
28 
26 
100 
10 
6 
87 
1 
36 
18 
7.026(4) 
17.12 (2) 
734 (1) 
2.444 
617640AL 
d,X I/Io 
4.Q91 27 
3.617 19 
3.000 100 
2.882 6 
2.496 12 
2.288 30 
1.912 31 
1.764 18 
7.026{6) 
17.33 (3) 
740 (1) 
2.467 
6.780 
4.996 
3.626 
3.011 
2.287 
2.226 
1.916 
1.758 
7 
30 
21 
100 
33 
6 
36 
19 
7.038(6) 
17.31 (6) 
743 (2) 
2.460 
717660AL 
d,X I/Io 
6.704 6 
4.942 22 
3.494 20 
2.984 100 
2.877 7 
2.482 4 
2.281 33 
2.213 6 
2.024 2 
1.749 23 
6.996(6) 
17.28 (2) 
732.2(9) 
2.470 
6.71Q 
4.Q48 
3.604 
2.990 
2.862 
2.481 
2.271 
2.220 
1.gog 
1.764 
3 
24 
20 
100 
6 
4 
34 
7 
42 
22 
7.017(2) 
17.11 (1) 
729.7(6) 
2.438 
717600AL 
d,X I/Io 
6.743 3 
4.Q66 100 
3.612 6 
2.990 41 
2.867 4 
2.269 7 
1.907 16 
1.762 4 
7.011(4) 
17.13 (2) 
726 (1) 
2.429 
3160ALUN 
d,X I/Io 
6.737 
4.Q62 
3.602 
2.QQ4 
2.867 
2.276 
2.221 
1.911 
1.766 
4 
20 
18 
100 
6 
34 
8 
44 
28 
7.021(1) 
17.194(7) 
734.0(3) 
2.44Q 
920040AL 
d,X I/Io 
3.479 17 
2.974 100 
2.864 7 
2.474 6 
2.276 39 
2.208 8 
1.900 49 
1.744 31 
6.976(4) 
17.22 (2) 
720 (2) 
2.468 
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101 
012 
110 
021,113 
006 
024 
206,107 
122 
214 
033,009 
220 
a.,, J.. 
c~, X 
Vol., 13 
c-:../a0 
. ' 
101 
012 
110 
021·, 113 
006 
024 
205,107 
122 
214 
033,00Q 
220 
A20060AL 
d,.l I/Io 
6.634 
4.88Q 
3.488 
2.Q64 
2.863 
2.277 
2.203 
1.8Q7 
1.742 
6 
21 
19 
100 
g 
41 
8 
46 
32 
6.967(8) 
17.19 (4) 
720 (2) 
2.471 
E26040AL 
d,.X I/Io 
6.639 6 
4.880 24 
3.474 16 
2.973 100 
2.861 6 
2.278 36 
2.204 7 
1.900 48 
1.743 37 
- 6. g7 (1) 
17.14 (3) 
720 (3) 
2.46Q 
B26060AL 
d,.R I/Io 
6.724 
4.966 
3.4Q6 
2.QQO 
2.888 
2.2QO 
2.212 
1.926 
1.747 
8 
17 
16 
100 
8 
36 
7 
40 
27 
6.Q88(1) 
17.323(6) 
732.6(3) 
2.47Q 
FlOOAOAL 
d,.X. I/Io 
6.733 
4.962 
3.613 
2.994 
2.863 
2.276 
2.221 
6 
28 
22 
100 
6 
33 
8 
1.911 -37 
1.766 24 
7.022(1) 
17 .. 176(6) 
783.4(3) 
2.446 
• 
C17640AL 
d,l I/Io 
6.660 
4.919 
3.481 
2.979 
2.870 
2.477 
2.280 
2.209 
1.902 
1.748 
6 
26 
19 
100 
9 
4 
38 
8 
43 
30 
6.881(6) 
17.26 (4) 
728 (2) 
2.471 
Fl6040AL 
d,X I/Io 
6.621 7 
4.890 23 
3.461 20 
2.964 100 
2.866 8 
2.468 6 
2.278 40 
2.200 8 
1.898 43 
1.740 32 
6.961(7) 
17.20 (3) 
720 (2) 
2.474. 
020020AL 
d,1 I/Io 
6.648 
4.893 
3.472 
2.970 
2.860 
2.466 
2.276 
2.204 
1.902 
1.746 
6 
28 
18 
100 
6 
6 
33 
6 
46 
30 
6.972(8) 
17.17 {6) 
723 (2) 
2.463 
G26060AL 
d,X I/Io 
6.676 
4.923 
3.479 
2.976 
2.873 
2.282 
2.206 
1.900 
1.744 
6 
26 
19 
100 
7 
84 
7 
42 
27 
6.976(6) 
17.27 (4) 
728 (2) 
2.476 
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DlqOOOAL E179.80AL 
d,X I/Io d,X I/Io 
6.737 3 
4.Q63 72 
3. 613 11 ·-
2. 994 100 
2 .--atta , e 
2.48~4 
2.276 31 
2.221 3 
1. g11 ·ao 
1.764 26 
_ -7 :019(2) 
17.18 (1) 
732.8 (6) 
2 .• 448 
Kl0060AL 
d,i I/Io 
6.607 4 
4.866 23 
3.462 21 
2.Q68 100 
2.830 7 
2.266 32 
2.202 8 
1.898 44 
1.746 27 
6.967(9) 
16.Q6 (6) 
712 (2) 
2.433 
6.637 
4.806 
3.468 
2.971 
2.871 
2.281 
2.202 
1.899 
1~742 
6 
18 
lQ 
100 
g 
43 
g 
61 
37 
8.963(Q) 
17.26 (6) 
726 (2) 
2.479 
026040AL 
d,~ I/Io 
3.468 21 
2.860 100 
2.866 8 
2.271 36 
1.897 44 
1.741 40 
6.Q66(8) 
17.22 (6) 
719 (2) 
2.466 
.. -· ·--" -·- --- ----------
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/ 
0 
I 
...., 
...., 
0 
I 
101 
012 
110 
021,113 
006 
024 
206,107 
122 
214 
033,009 
220 
101 
012 
110 
021,113 
006 
024 
206,107 
122 
214 
033,009 
220 
a 0 , A 
cc,, X A 3 Vol., 
crJ/a0 
• l 
• 
t 
-~ 
' 
• I 
Q260AOAL 
d,X· I/Io 
R26020AL V27640AL W276AOA
L W27620AL Y16020AL 
d,X I/Io d,A I/Io d,A I/Io d,X 
I/Io d,X I/Io 
4.890 
3.461 
2.966 
2.864 
2.467 
2.278 
2.204 
1.896 
1.740 
20 
18 
100 
8 
6 
38 
8 
47 
34 
6.968(9) 
17.22 (6) 
722 (2) 
2.476 
6.696 
4.Q39 
3.496 
2.983 
2.867 
2.270 
2.211 
1.906 
1.748 
4 
31 
16 
100 
4 
24 
6 
44 
26 
6.991(2) 
17.19 (1) 
727.6(7) 
2.469 
Y27660AL 
d,A I/Io 
Z200AOAL 
d,X I/Io 
6.731 7 
4.970 26 
3.600 18 
2.992 100 
2.888 8 
2.483 6 
2.290 34 
2.214 7 
6.691 6 
4.951 16 
3.4Q2 18 
2.Q86 100 
2.881 9 
2.478 4 
2.286 37 
2.210 8 
6.664 
4.906 
3.470 
2.973 
2.869 
2.470 
2.279 
2.206 
1.900 
1.744 
6 
26 
18 
100 
8 
2 
29 
6 
40 
26 
6.972(7) 
17.24 (4) 
726 (2) 
2.473 
BB\0040A 
d,X I/Io 
17 
6.71Q 6 
4.996 27 
3.600 16 
2.986 100 
2.878 6 
2.287 18 
2.216 6 
1.906 39 
1.760 22 
7.000(1) 
17.279(6) 
733.1(3) 
2.468 
CC126AOA 
d,X I/Io 
4.900 
3.476 
2.971 
2.846 
16. 3.464 
100 2 •. 968 
12 2.B2s 
20 
100 
6 
2.266 
2.208 
93 ' . 2. 266 
8 ~.203 
44 
7 
1.906 40 
1.749 27 
1.Q03 43 1.902 66 
1.746 34 - 1.74Q 29 
1.8Q8 48 
1.746 33 
6.997(1) 
17.320(6) 
734.3(3) 
2.476 
6.9834(8) 
17.283{4) 
729.9 (2) 
2.476 
7.016(2) 
17.20 (1) 
733.3(6) 
2.461 
6.970(8) 
16.97 (6) 
714 (2) 
2.436 
6.628 
4.896 
3.464 
2.966 
2.866 
2.27Q 
2.200 
1.8Q7 
1.741 
8 
22 
20 
100 
7 
36 
9 
44 
34 
6.967(9) 
17.26 {3) 
722 (3) 
2.477 
DD126601 
d,.X. I/Io 
4.921 20 
3.490 20 
2.977 100 
2.860 6 
2.267 38 
2.212 g 
1.906 4g 
1.761 33 
7.002(2) 
17.12 (1) 
726.9(6) 
2.446 
6.6Q3 
4.938 
3.488 
2.982 
2.873 
2.477 
2.281 
2.210 
1.904 
1.747 
4 
24 
18 
100 
7 
4 
34 
7 
39 
26 
6.972(4) 
17.22 (2) 
726 (1) 
2.470 
EE12640A 
d,A I/Io 
2.967 100 
2.860 6 
2.468 6 
2.264 66 
2.209 g 
1.902 66 
1.749 33 
6.990(1) 
17.170(8) 
726.6(4) 
2.466 
• 
·-
..... 
' 
GG126601 GG126602 GG126603 GG12660A GG12660G GG12660P 
d, .K I/Io d ,X. I/Io d,A I/Io d '.K I/Io d,.X I/Io d,X. I/Io 
101 6.711 3 6.686 4 6.666 6 6.673 6 6.709 6 6.663 8 
• 012 4.942 24 4.920 22 4.gog 20 4.914 21 4.Q47 20 4.Q13 22 
110 3.603 lQ 3.490 21 3.484 18 3.486 18 3.4Ql 20 3.472 22 
021,113 2.984 100 2.Q7Q 100 2.976 100 2.Q78 100 2.Q86 100 2.Q77 100 
006 2.866 6 2.864 6 2.866 6' 2.86Q 7 2.873 7 2.882 11 
024 • 
206,107 2.271 41 2.270 38 2.272 43 2.273 44 2.282 36 2.287 42 
122 2.217 8 2.213 8 2.210 8 · 2. 210 8 2.216 7 2.203 g 
214 
033,009 1.907 46 1.Q06 46 1.Q04 43 1.Q04 43 1.Q07 40 1.8QQ 43 
220 1.763 26 1.761 28 1.748 26 1.748 29 1.761 28 1.741 32 
a., X 7.008(2) 6.QQ6(4) 6.987(6) 6.989(6) 7.002(4) 6.961(6) 
• Cc, , J{ 13 17.13 (1) 17.12 (3) 17.14 (4). 17.16 (3) 17.26 (2) 17.29 (3) Vol., 728.6(7) 726 (1) 726 (2) 726 (2) 733 (1) 726 (1) 
ce/ao 2.444 2.447 2.463 2.466 2.466 2.484 
I GG12660D GG12660B HH126401 HH126402 HB12640B BH12640P 
..... d,X I/Io d,A I/Io d,.A I/Io d,X I/Io. d,A I/Io dA I/Io 
..... 
..... 
. , 
101 6.673 7 6.6Q6 6 6.716 4 6.6Q8 6 6.713 6 6.697 8 
012 4.Q27 19 4.938 18 4.Q48 23 4.931 19 4.947 22 4.964 23 
110 3.486 20 3.492 lQ 3.603 lQ 3.600 18 3.49Q 21 3.492 20 
021,113 2.977 100 2.981 100 2.987 100 2.983 100 2.987 100 2.987 100 
006 2.868 g 2.874 7 2.869 6 2.860 6 2.872 4 2.893 10 
024 2.472 3 
• 
206,107 2.279 46 2.281 40 2.274 38 2.274 38 2.279 31 2.2Q4 39 
' !J 
122 2.212 7 2.208 7 2.218 7 2.214 8 2.217 8 2.210 7 
214 
033,009 1.904 40 1.904 40 1.908 40 1.908 38 1.908 38 1.904 36 
220 1.747 27 1.748 32 1.763 26 1.763 24 1.761 26 1.746 24 
ao, K 6.986(6) 6.987(4) 7.011(1) 7.006(4) 7.006(2) 6.982(1) 
c(J, X x~ 17.22 (3) 17.26 (2) 17.166(8) 17.16 (2) 17.23 (1) 17.363(7) Vol., 728 (1) 730 (1) 730.2(4) 72Q (1) 732.4(6) 732.7(4) 
C 0 /a ~ 2.466 2.470 2.447 2.448 2.460 2.486 
'--
• ~ . 
---,-.---------· -
101 
012 
110 
021,113 
006 
024 
206,107 
122 
214 
033 
220 
101 
012 
110 
021,113 
006 
024 
206,107 
122 
214 
033,009 
220 
... 
j . ; ~ ' 
; , - -~ 
• t .. • 
. . . 
, . 
' . 
. , . 
. 
HB12640A II126601 II126602 II126603 
d,A I/Io d,X I/Io d,A I/Io d,X I/Io 
6.720 
4.968 
3.600 
2.Q8Q 
2.877 
2.283 
2.216 
1.Q07 
1.760 
7 
20 
18 
100 
6 
34 
7 
37 
26 
7.001(1) 
17.262(6) 
723.4(3) 
2.484 
JJ12560B 
d,R I/Io 
6.780 3 
4.990 26 
3.624 21 
3.001 100 
2.866 6 
2.278 40 
2.226 7 
1.913 40 
1.767 24 
7.034(4) 
17.lQ (2) 
736 (1) 
2.444 
6.713 
4.Q63 
3.603 
2.Q88 
2.860 
2.273 
2.216 
1.Q08 
1.762 
6 
26 
23 
100 
4 
26 
8 
39 
26 
7.009(1) 
17.164(6) 
72Q.7(3) 
2.447 
JJ12520 
d,.X I/Io 
4.986 26 
3.620 21 
3.003 100. 
2.880 4 
2.286 31 
2.224 7 
1.Q13 42 
1.766 26 
7.030(3) 
17.2Q (2) 
739.8(8) 
2.46Q 
6.736 
4.Q66 
3.611 
2.Q96 
2.866 
2.279 
2.221 
1.Qll 
1.766 
6 
24 
21 
100 
4 
34 
7 
38 
26 
7.022(1) 
17.1Q4(6) 
734.1(3) 
2.448 
JJ17520 
d,X I/lo 
4.Q44 26 
3.492 18 · 
2.Q81 100 
2.876 8 
2.477 4 
2.284 40 
2.213 8 
1.Q06 44 
1.749 30 
6.9Q3(2) 
17.266(Q) 
730.8(6) 
2.468 
6.722 
4.Q48 
3.601 
2.988 
2.861 
2.274 
2.217 
1.90g 
1.764 
4 
22 
22 
100 
4 
31 
8 
36 
26 
7.012(2) 
17.16 (1) 
730.8(6) 
2.447 
JJ12620P 
d,X I/Io 
4.913 20 
3.467 24 
2.969 100 
2.876 g 
2.284 34 
2.lQQ 7 
1.8Q7 41 
1 .. 740 30 
6.966(6) 
17.26 (2) 
723 (1) 
2.482 
• 
I:1126604 
d,i I/Io 
6.702 4 
3.600 20 
2.Q87 100 
2.862 6 
2.276 36 
2.217 8 
1.908 46 
1.762 2Q 
7.008(2) 
17.18 (1) 
730.6(6) 
2.461 
KK126401 
d,X I/Io 
4.963 23 
3.610 21 
2.QSQ 100 
2.860 6 
2.273 42 
2.219 8 
1.Qll 48 
1.766 30 
7.018(2) 
17.16 (1) 
731.6(6) 
2.482 
JJ12660A 
d,.A I/Io 
6.722 4 
4.Q61 26 
3.606 22 
2.Q88 100 
2.868 6 
2.272 37 
2.217 7 
1.909 44 
1.766 26 
7.014(1) 
17.14 (1) 
730.3(6) 
2.444 
KK12640B 
d,.X. I/Io 
4.973 24 
3.620 20 
2.ggg 100 
2.868 6 
2.278 3g 
2.226 6 
1.912 42 
1.767 26 
7.030(2) 
17.19 (1) 
736.0(7) 
2.446 
• 
.-. 
·-:- . 
~-. -
.. 
_-.~ . 
" 
• 
I 
~ 
...... 
w 
I 
~ \ 
• a. 
101 
012 
110 
021,113 
006 
024 
206,107 
122 
214 
033,009 
220 
a 0 , A 
Cc,1 A. 
V ~~~ 
' . 
c 0 /a~ 
101 
012 
110 
021,113 
006 
024 
205,107 
122 
214 
033,009 
220 
LL126601 LL12660B LL126603 
d,l I/Io d,X I/Io d,K I/Io 
4.908 
3.484 
2.973 
2.848 
2.266 
2.210 
1.903 
1.74Q 
23 
20 
100 
8 
44 
7 
46 
26 
6.988(6) 
17.08 (3) 
722 (1) 
2.444 
NN160602 
d,X I/Io 
6.698 6 
4.936 19 
3.486 1g· 
2.983 100 
2.881 6 
2.479 4 
2.286 38 
2.212 8 
1.904 46 
1.748 30 
6.988{3) 
17.28 (1) 
730.7(3) 
2.473 
6.668 
4.Q17 
3.490 
2.Q77 
2.853 
2.268 
2.211 
1.Q06 
1.74Q 
4 
25 
21 
100 
6 
36 
8 
42 
26 
6.QQ2(6) 
17.11 (3) 
724 (1) 
2.447 
00176601 
d,.X. I/Io 
2.969 100 
2.86Q g 
2.280 46 
2.202 g 
1.sg8 69 
6.Q62{4) 
17.23 (1) 
723.3(8) 
2.476 
4.88Q 
3.474 
2.Q68 
2.844 
2.262 
2.208 
1.QOl 
1.747 
23 
20 
100 
6 
36 
8 
44 
26 
6.97Q(7) 
17.06 (4) 
719 (2) 
2.443 
00176602 
d,A I/Io 
2.Q67 100 
2.868 8 
2.281· 42 
2.202 g 
1.897 64 
6.Q61{3) 
17.12 (1) 
722.Q{S) 
2.476 
Mll136601 MM136602 NN160601 
d,! I/Io d,A I/Io d,X I/Io 
6.728 
4.Q67 
3.601 
2.QQl 
2.873 
2.482 
2.280 
2.217 
1.QOB 
1.762 
6 
23 
20 
100 
6 
3 
32 
7 
41 
28 
7.00Q(l) 
17.241(8) 
733.6(4) 
.2.460 
PP200601 
d,A. I/Io 
2.967 100 
2.868 8 
2.467 6 
2.203 8 
1.897 63 
6.962(2) 
17.20 (1) 
722.0(6) 
2.470 
6.700 
4.Q40 
3.4QO 
2.983 
2.864 
2.276 
2.216 
l.Q06 
1.760 
4 
20 
20 
100 
6 
34 
7 
44 
32 
6.999(3) 
17.19 (2) 
729.3(8) 
2.466 
QQ160A01 
d,A I/Io 
2.976 100 
2.867 7 
2.278 41 
2.209 9 
1.902 62 
1.747 36 
6.Q86(1) 
17.206(7) 
727.1(4) 
2.463 
6.6Q8 
4.943 
3.489 
2.984 
2.883 
2.478 
2.287 
2.211 
l.Q03 
1.746 
6 
21 
18 
100 
7 
6 
3g 
g 
48 
32 
6.986(2) 
17.29 (1) 
7ao.g(e) 
2.476 
--
• 
VITA 
~ . Paul Harland Benoit, son of Robert and Jeanne 
Benoit, was born on September 13, 1964 in the backwoods 
\ 
of southwestern Virginia. Following this auspicious 
beginning·, he grew to relative maturity in the cultural 
hub of Virgina, namely the town of Blacksburg. He 
attended the Virginia Polytechnic Institute and State 
University and received a B.S. degree in Geological 
Sciences from that institution in June, 1985. 
· ... ·.· .. · B~noit then immigrated to Bethlehem, Pennsylyania 
• 
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